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"Experimental  and  Theoretical  Investigation  of 
Microwave  and  Millimeter  Wave  Radiation  from 
Hollow,  Rotating  Electron  Beams" 


I.  INTRODUCTION 


Studies  of  the  production  of  microwave  and  millimeter  wave 
radiation  from  rotating  electron  beams  have  been  pursued  at  the 
University  of  Maryland  under  AFOSR  sponsorship  since  1978.  In  the 
period  1978-1981,  these  studies  centered  around  the  broadband  radiation 
produced  when  a  rotating  electron  beam  Interacts  with  the  TE  and/or  TM 
modes  of  a  smooth  cylindrical  conducting  boundary  system.  These  early 
studies  led  in  1981  to  the  first  demonstration  of  a  new  type  of  coherent 
radiation  source  at  microwave  and  millimeter  wave  wavelengths  with 
demonstrable  advantages  over  existing  sources.  This  device,  informally 
called  a  Cusp  Injected  Magnetron  or  Cusptron  by  members  of  our  group, 
produces  radiation  by  the  resonant  interaction  of  a  rotating  electron 
beam  with  the  modes  of  a  magnet ron-type  conducting  boundary. 

The  advantages  of  this  new  type  of  radiation  source  are  best 
understood  by  comparison  to  a  conventional  magnetron  (Fig.  1(a)].  In  a 
magnetron,  electrons  are  thermionically  or  field  emitted  from  a  central 
cathode  and  accelerated  toward  a  multiresonator  anode  block.  A  strong 
applied  magnetic  field  prevents  the  electrons  from  reaching  the  anode, 
and  the  resulting  mean  electron  motion  is  essentially  an  E  x  B  drift 
around  the  device.  This  circulating  electron  space  charge  interacts 
resonantly  with  the  modes  of  the  slotted  outer  conducting  boundary, 
which  acts  as  a  cylindrical  slow  wave  structure.  Although  efficient 
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radiators  at  low  frequencies  (2-8  GHz),  magnetrons  suffer  from  Inherent 
limitations.  Including: 

a)  The  strong  applied  magnetic  field  needed  to  prevent  the 
electrons  from  crossing  the  anode-cathode  gap  results  In  a  slow 
electron  circulation  velocity,  and  thus  a  limit  to  the 
operating  frequency  (the  operating  frequency  is  roughly  equal 
to  the  number  of  resonators  times  the  circulation  frequency  of 
electrons  around  the  device). 

b)  Since  the  electric  field  In  a  magnetron  is  a  function  of 
radius,  there  Is  considerable  velocity  shear  In  the  beam, 
resulting  in  multlmoding  difficulties  whenever  the  number  of 
slots  exceeds  6-8. 

c)  As  electrons  lose  energy  to  radiation,  they  are  accelerated  by 
the  applied  electric  field  into  the  slots,  where  they  strike 
the  walls,  form  plasma,  and  eventually  short  out  the  device. 

Thus,  magnetrons  do  not  perform  well  in  the  long  pulse  or  cw 
regimes,  especially  at  high  power. 

d)  Since  the  center  conductor  of  a  magnetron  is  the  cathode,  the 
dimensions  of  the  device  are  determined  more  by  diode  design 
requirements  than  by  wave  considerations. 


In  a  Cusp  Injected  Magnetron  [Figs.  1(b),  and  2],  a  high  quality 
rotating  electron  beam  is  produced  by  injecting  a  non-rotating  hollow 
beam  through  a  narrow  magnetic  cusp.  The  resultant  rotating  beam 
interacts  resonantly  with  the  modes  of  a  magnetron-type  conducting 
boundary  system,  a  resonance  which  is  driven  strongly  by  the  negative 
mass  instability.  The  advantages  of  such  a  device  are  now  clear: 

a)  Much  lower  magnetic  fields  may  be  used,  since  the  required 
larmor  radius  is  much  larger. 

b)  Higher  frequency  operation  should  be  possible,  since  the 

circulation  velocity  of  the  electrons  is  now  simply  r  w  a 

o  c 

value  at  least  twice,  and  more  typically  five  times,  that  in 
conventional  magnetron. 

c)  Since  the  rotating  beam  is  essentially  devoid  of  velocity 
shear,  operation  with  higher  slot  numbers  should  be  possible 
before  multimoding  occurs. 

d)  Because  there  are  no  applied  voltages  in  the  interaction 
region,  electrons  move  to  smaller  radii  as  they  lose  energy, 

and  long  pulse  or  cw  operation  at  high  power  should  be 
possible. 


6 

e)  Since  the  diode  has  been  separated  from  the  interaction  region, 
the  dimensions  of  the  device  are  not  determined  by  diode  design 
considerations. 

Daring  the  period  1981-1983,  experiments  were  conducted  on  a  large 
pulse  line  accelerator  which  had  originally  been  constructed  to  produce 
intense  rotating  electron  rings  for  collective  ion  acceleration 
experiments.  Using  rotating  beams  with  typical  parameters  of  2  MeV,  2 
kA,  5  ns,  about  15%  of  the  electron  beam  power  was  converted  to 
microwave  radiation  at  the  12th  harmonic  of  the  cyclotron  frequency  (9.6 
GHz)  by  the  interaction  of  the  rotating  beam  with  a  12  slot  outer 
magnetron  boundary.  Experiments  continue  on  this  facility  at  the 
present  time,  and  during  the  past  grant  period  we  have  succeeded  in 
producing  comparable  output  at  the  20th  harmonic  (16  GHz),  and  are 
currently  working  on  optimizing  radiation  at  the  30th  and  40th 
harmonics.  Extensive  theoretical  efforts  have  accompanied  this 
experimental  work  at  every  stage. 

In  1983,  we  also  completed  construction  of  a  small  table-top 
experiment  designed  to  demonstrate  the  feasibility  of  this  concept  at 
low  electron  energy  and  current  (20-40  kV,  1  A).  During  the  past  grant 
period,  we  have  reported  efficient  production  of  microwave  radiation  at 
the  6th  harmonic  in  this  device,  using  applied  magnetic  fields  of  only 
250  gauss.  Experiments  on  radiation  production  at  the  12th  harmonic  are 


currently  in  progress. 


The  past  year  has  seen  real  progress  in  our  efforts  to  understand 
theoretically  the  physics  involved  in  the  radiation  production 
process.  Improved  modeling  of  both  the  empty  cavity  modes  and  the  beam 
modes  is  allowing  a  more  systematic  design  of  experiments,  and  we  have 
made  progress  in  understanding  mode  competition  issues. 

During  the  past  grant  period  we  have  also  conducted  a  brief  study 
of  the  radiation  production  from  rotating  electron  beams  interacting 
with  a  periodic  wiggler  magnetic  field  produced  by  samarium  cobalt 
magnets  interior  and  exterior  to  the  beam.  This  work,  has  been  conducted 
in  collaboration  with  Professor  George  Bekefi's  group  at  MIT,  and  the 
initial  results  of  this  work  (in  which  radiation  has  been  observed  in 
the  frequency  range  100-170  GHz),  are  very  encouraging. 

Section  II  of  this  report  details  progress  made  during  the  past 
grant  period.  A  list  of  publications  and  presentations  resulting  from 
this  work  is  enclosed  in  Appendix  A  and  recent  publications  are  enclosed 


in  Appendix  B 


II.  PROGRESS  REPORT 


December  l,  1983  to  November  30,  1984 


A.  Experimental  Research 


1.  Improvements  to  the  Experimental  Facilities.  Daring  the  past 
year,  the  experimental  facilities  have  been  enhanced  by  the  completion 
of  the  CUSPTRON  low  voltage,  low  current,  table  top  experimental 
facility,  and  by  the  installation  of  diagnostic  equipment  on  the  high 
power  facility  in  K-band  (18-26  GHz).  The  latter  installation  means 
that  we  now  have  diagnostic  equipment  in  place  over  the  entire  range  7- 
50  GHz,  all  of  which  is  available  to  help  diagnose  the  radiation  from 
the  low  power  experiment  as  well. 

2.  High  Power  Experiments.  During  the  past  year,  experimental 

work  on  the  high  power  pulse  line  facility  (2  MeV,  2  kA,  5  ns),  has 
concentrated  on  the  production  of  radiation  at  the  20th  harmonic  of  the 
electron  cyclotron  frequency  (16  GHz).  To  this  end,  we  have  conducted 
Improved  measurements  of  the  rotating  beam  profile  as  a  function  of 
axial  position  in  the  Interaction  region  (Fig.  3).  These  measurements 
have  led  to  the  design  of  an  Improved  20  slot  outer  magnetron  boundary 
system,  with  a  dramatic  improvement  in  radiation  production  at  this 
frequency  over  previously  reported  designs.  In  these  experiments,  about 
15%  of  the  injected  electron  beam  power  was  converted  to  radiation  at  16 
GHz,  using  an  applied  magnetic  field  of  only  1400  gauss  (Fig.  4).  \ 


[I] 


Figure  .  Microwave  signal  in  Ku-band ( 1 2- 1 8GHz)  after  passing  throuqh 
a  36  meter  long  dispersive  line.  The  500  Mwatt  burst  is  determined 
to  be  at  a  frequency  of  15-5  GHz  by  its  arrival  time  at  the  detector. 
Power  at  other  frequencies  is  typically  down  by  a  factor  of  at  least 
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paper  detailing  these  new  results  is  currently  under  preparation. 

Design  and  construction  of  30  and  40  slot  systems  is  currently  in 
progress. 

3.  Low  Power  Experiments — CUSPTRON.  Initial  experiments  on  the 
table  top  experiment,  CUSPTRON  (20-30  kV,  1  A,  5  ^s,  100  pps)  (Fig.  5) 
have  concentrated  on  demonstrating  the  feasibility  of  this  concept  at 
low  electron  energy  and  current.  Thus,  initial  experiments  were 
designed  to  operate  at  the  6th  harmonic  (about  4  GHz).  During  the  past 
year,  we  reported  the  efficient  (over  10%)  production  of  radiation  at 
this  frequency  using  an  applied  magnetic  cusp  field  of  about  250 
gauss.  These  results  were  published  in  Physics  of  Fluids  Letters,  a 
copy  of  which  is  enclosed  in  Appendix  B.  Experiments  to  produce 
radiation  at  the  12th  harmonic  are  currently  in  progress. 

4.  Rotating  Beam  Free  Electron  Laser  Experiments.  In  this  work, 

conducted  on  the  high  power  facility  in  collaboration  with  Professor 

George  Bekefi's  group  at  MIT,  a  rotating  beam  interacts  with  a  periodic 

wiggler  field  produced  by  samarium  cobalt  magnets  placed  interior  and 

extecior  to  the  beam  (Fig.  6).  Thus,  the  device  is  essentially  a 

continuously  circulating  Free  Electron  Laser,  and  is  expected  to  produce 

radiation  upshifted  in  frequency  from  that  of  the  wiggler  wavelength  by 
2 

a  factor  of  y  .  Initial  results  of  these  experiments  are  that  at  least 
200  kW  of  radiation  was  observed  in  T-band  (100-170  GHz)  with  the 
wiggler  magnets  in  place.  When  the  wiggler  field  was  removed,  radiation 
at  these  frequencies  fell  to  levels  too  low  to  be  measured  by  our 
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diagnostic  equipment.  These  results  have  been  reported  in  a  paper 
published  in  Applied  Physics  Letters,  enclosed  in  Appendix  B. 

B.  Theoretical  Research 


Over  the  past  year,  we  have  made  substantial  progress  in  our 

theoretical  understanding  of  the  cusp  injected-slotted  wall  (magnetron) 

microwave  system.  One  of  the  main  areas  of  increased  understanding 

occurred  with  respect  to  the  importance  of  initial  conditions.  This 

work  will  appear  in  the  Ph.D.  thesis  of  Ravi  Kulkarni  and  was  presented 

at  the  Fall  1983  APS  meeting.  The  important  point  of  this  analysis  is 

the  initial  shape  of  the  beam  front  (symmetric  or  preloaded)  and  the 

system  geometry  that  it  is  entering.  If  a  nonloaded  beam  is  injected 

into  a  smooth  wall,  all  eigenfunctions  of  the  guide  system  are  necessary 

to  create  the  beam  front  field  profile,  that  is,  all  l  harmonics  of  the 

TE  and  TM  modes.  However,  if  the  nonloaded  beam  is  injected  into  a 

waveguide  with  slots  on  the  outer  wall,  a  set  of  different  field 

eigenfunctions  is  present.  The  dominant  eigenfunction  is  the  dc  field 

and  multiples  of  the  number  of  slots  Ng,  2Ng,  ...  .  Thus,  a  nonloaded 

beam  injected  into  Ng  slots  has  a  dominant  field  preference  for 

the  2x(N  )  mode.  The  actual  form  factor  is  the  familiar  sin(x)/x 
s 

function. 

The  second  important  theoretical  contribution  this  past  year  came 
Ln  the  detailed  study  of  field  profile  for  high  frequency  generation. 
When  the  number  of  slots  increases  to  the  regime  of  20-40,  the  frequency 
regime  Is  sufficiently  high  that  beam  location  relative  to  the  slots 


becomes  very  important.  In  this  regime  we  are  operating  on  a  high 
radial  mode  number,  thus  the  beam  should  be  located  on  a  peak  of  the 
electric  field  profile  that  also  happens  to  couple  well  to  the  slot 
modes.  Since  there  are  many  radial  peaks,  this  location  becomes 
increasingly  important.  Thus,  it  is  not  sufficient  to  look  only  at 
resonance  conditions  but  also  at  details  of  the  beam  location  and 
coupling  efficiency  to  the  slots.  Again  this  work  was  presented  at  the 
1983  APS  meeting  and  will  appear  in  Ravi  Kulkarni's  Ph.D.  thesis.  This 
work  is  coupled  to  the  linear  growth  rate  analysis  that  appears  in  our 
most  recent  published  works  (see  Refs.  15  and  16,  Appendix  A,  and  also 
enclosed  in  Appendix  3). 

Also  during  the  past  year  we  have  initiated  studies  in  the 
following  areas: 

1.  General  formalism  of  the  linear  stability  of  rotating  electron 
beams  in  various  wall  configurations. 

2.  Analysis  of  the  modes  and  linear  stability  in  a  dielectric 
lined  waveguide. 
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Surmnarv 

Studies  of  the  production  of  microwave  and 
millimeter  wave  radiation  at  high  harmonics  of  the 
relativistic  electron  cyclotron  frequency  by  the 
interaction  of  a  rotating  E-layer  with  a  multi¬ 
resonator  magnetron  boundary  system  have  been 
conducted.  The  interaction  of  a  2  MeV,  1-2  kA,  5  ns 
cusp  injected  E  layer  of  radius  6  cm  with  12,  20,  and 
40  slot  magnetron  type  waveguides  are  studied. 
Approximately  10Z  of  the  injected  electron  beam  power 
is  converted  to  microwaves  at  12  (10  GHz),  2Z  at 

20  (17  CHz),  and  IS  at  40u,  ( 3$  GHzl.  We  have 

theoretically  examined  this  system  via  analyzing  the 
resonant  interaction  of  a  doppler  shifted  electron 
beam  mode  with  the  modes  of  the  conducting  boundary 
system.  The  location  of  these  resonant  interactions 
in  frequency  agrees  well  with  the  observed  spectrum. 

I.  Introduction 

The  interest  in  high  power  microwave/millimeter 
sources  In  the  past  few  years  has  resulted  from 
possible  applications  in  such  areas  as  heating  of 
fusion  plasmas,  particle  accelerators,  and 
communications.  Among  these  new  sources  are 

gyrotrons,  free  electron  lasers,  and  relativistic 
magnetrons.  In  this  paper,  we  report  studies  of 
another  such  source  in  which  high  power  radiation  is 
generated  at  high  harmonics  of  the  relativistic 
electron  cyclotron  frequency  w  by  the  resonant 
interaction  of  a  fast  rotating  E-iayer  beam  mode  with 
the  waveguide  modes  of  a  magnetron-type  conducting 
boundary.  This  concept  was  first  reported  by  our 
group  in  1981 ^  after  extensive  work  on  microwave 
production  in  hollow  and  coaxial  boundary  systems. 
Recent  theoretical  studies^  Indicate  that  these 
rotating  beam-slotted  wall  systems  should  operate  over 
a  wide  range  of  electron  energies  and  currents  and  at 
frequencies  into  the  millimeter  regime.  We  have  also 
Initiated  work  to  explore  the  low  electron  energy 
regime.  The  potential  of  such  devices  to  produce 
radiation  near  high  harmonics  of  the  electron 
cyclotron  frequency  makes  them  especially  attractive 
because  of  the  relatively  low  applied  magnetic  field 
required  compared  to  gyrotrons  and  magnetrons 
operating  at  the  same  frequency. 

In  Fig.  1,  a  schematic  of  the  experimental 
configuration  is  shown.  A  rotating  F-laver  is 
produced  by  passing  a  hollow  nonrotating  beam  through 
a  narrow  symmetric  magnetic  cusp.  The  downstream  axis 
encircling  particles  propagate  along  various  Inner 
and/or  outer  conducting  wall  structures.  The  cross- 
section  of  a  slotted  structure  on  both  the  inside  and 
outside  walls  Is  shown  in  Fig,  2.  The  outer  surface 
of  the  Inner  wall  has  a  radius  and  the  outer  wall  a 
radius  R  The  beam  of  radius  R^  (~  f>  cm)  rotates  at 
a  velocity  V  ~  c  In  the  region  between  the  Inner  and 
outer  wall.  The  depth  of  the  slots  Is  Indicated  by 

•Work  supported  by  the  Air  Force  Office  of  Scientific 
Research  and  the  University  of  Maryland  Computer 
Science  Center. 


d  .  We  have  examined  systems  In  which  the  number  of 
slots  is  12  or  20  placed  on  either  the  inner  or  outer 
wails  or  both.  We  present  theoretical  (Section  II) 
and  experimental  (Section  III)  studies  of  the 
production  cf  radiation  in  these  slotted  wall  systems. 
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FIG.  1.  Schematic  of  experimental  system. 


FIG.  2.  Cross  section  of  downstream  slotted-wall 
cylindrical  tube. 

II.  Model  of  Ream-Slotted  Waveguide  Interaction 

The  general  dispersion  relation  describing  the  TE 
mode  structure  of  a  slotted  wall  conductor  as  shown  In 
Fig.  2  can  be  derived  by  first  solving  the  wave 
equation  for  H2  in  the  slot  spaces  and  the  Interaction 
region  (R.  <  r  <  RQ  -  dq ,  see  Fig.  2]  separately  and 
then  matching  the  corresponding  tangential  electric 
and  magnetic  fields.  The  resulting  equations  can  then 
be  solved  by  expanding  the  eigenfunctions  of  both 
regions  in  terms  of  the  other  and  applying  Floqxiet's 
Theorem  for  periodic  systems.  The  result  can  be 
calculated  Independent l v  for  each  node  i*  of  the  slot 
region.  The  dispersion  relation  for  a  slotted  outer 
wall  and  no  Inner  wall  (s 
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Jr(kRu)N'r(kRo)  -  Ji.(kR0)Sr(kRu) 


where  ^  *  u  -  -  k^V^,  v  *  u^R^/2n  and  ng  is 
the  beam  surface  density.  This  analysis  represents  an 
extension  of  a  planar  model  studied  In  Ref.  6. 
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This  dispersion  relation  includes  not  only  the  TEM 
slot  resonances  but  the  higher  order  resonances  as 
well.  For  the  case  V  =  0  (constant  electric  field 

across  the  slot  gap),  the  result  reduces  to  that 
obtained  by  Collins.5  As  an  example,  the  mode 
structure  (kz  =  0)  for  an  outer  magnetron  wall  with  12 
(Ns)  slots,  V  =  0,  dg  -  1  cm,  and  R0  *  7.5  cm  Is 
shown  in  Fig.  3.  The  dots  represent  the  discrete 
magnetron  cutoff  frequencies  and  have  the  same 
dependence  on  kT  as  in  the  hollow  waveguide.  The 
numbered  connecting  lines  from  dot  to  dot  merely  serve 
to  distinguish  one  radial  mode  nr  from  another.  Also 
shown  is  the  beam  mode  a>  -  -  l  V  ^/R^  for  yo  -  6 , 

*  6  cm.  Note  that  the  mode  structure  Is  periodic 
every  tn  -  12  (Ng)  and  the  relative  reduction  iq  phase 
velocity  as  compared  to  hollow  waveguide  modes.- 


FIC.  3.  Discrete  mode  structure  for  hollow  waveguide 
with  outer  magnetron  type  boundary  with  parameters  RQ 
*  7.5  cm,  dg  ■  1  cm,  Ng  *  12,  V  ■  D,  A0  *  */Ns* 

Ream  mode  line  for  Y  =»  6,  R.  =  6  cm. 
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The  linear  analysis  representing  the  Interaction 
of  a  beam  wave  with  the  modes  of  the  waveguide 
proceeds  by  first  linearizing  the  equations  of  motion 
and  then  fottrier  transforming  them  to  w-k  space.  The 
equation  of  continuity  is  then  applied  to  obtain  the 
perturbed  chjrge  and  current  densities.  These  are 
then  substituted  Into  Maxwell's  equations  and  solved 
with  the  rwignetron  type  boundary  conditions.  From 
this  a  modified  dispersion  relation  is  obtained 
defining  the  Interaction  of  the  beam  mode  with  the 
waveguide  node.  The  resulting  first  order  modified 


dispersion  relation  for  the  fundamental  mode  m  •  0  Is 
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For  the  case  of  resonant  interaction,  ~  0 
and  D^,(k)  ~  0,  one  can  obtain  an  explicit  expression 
for  the  growth  rate,  Into  *  , 
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In  Fig.  4,  the  growth  rate  as  given  in  Eq.  (4)  is 
plotted  vs.  I  for  the  svstem  parameters  used  In  the 
mode  structure  shown  In  Fig.  3.  The  number  associated 
with  each  curve  represents  interaction  with  the  same 
labeled  radial  mode  as  in  Fig.  3.  Note  that  resonance 
in  most  cases  requires  a  finite  kr.  Since  the  growth 
rates  for  the  various  modes  are  approximately  equal, 
we  surmise  that  the  radial  field  profile  In  the 
interaction  space  and/or  the  starting  conditions  play 
an  important  role  as  to  which  mode(s)  is  present.  If 
we  examine  Eq .  (1)  and  look  for  modes  ( 4^  -  Ng  *  12) 
that  have  a  substantial  field  component  near  the  slot, 
we  see  that  the  mode  corresonding  to  n  =•  6  (9.8  CHz) 
or  near  the  zero  of  h*s  a  profile  that 
peaks  near  the  outer  wall.  In  this  case,  we  would 
expect  good  coupling  between  the  waveguide  and  slot. 
The  other  lower  radial  mode  numbers  represent  zeros 
near  .r(kR  )  which  has  a  field  profile  that  Is  more 
evenlv°dist r Ibuted . 


FIC.  4.  Normalized  growth  rate  for  resonant  beara- 
wavegulde  interaction  Including  finite  k2«  Same 
parameters  as  in  Fig.  3. 

TIT.  Experimental  Res  tilts 


The  experimental  configuration  Is  shown  in  Fig. 
1.  Hollow,  nonrotating,  relativistic  electron  beams 
(2  MeV,  20  kA,  10  ns)  are  emitted  from  a  circular 
knife  edge  carbon  cathode.  A  0.5  cm  wide  circular 
•lit  aligned  with  the  cathode  knife  edge  allows  a 
fraction  of  the  electron  beam  to  pats  through  the 
magnetic  cusp  transition  region  where  the  x 

force  In  this  transition  region  converts  most  of  the 
axial  particle  motion  into  azimuthal  motion.  The 
resulting  rotating  beam  propagates  In  the  downstream 
region  with  an  axial  velocity  In  the  range  0.1-0.3  c 
and  interacts  with  various  conducting  boundary 
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configurations.  The  radiation  produced  Is  extracted 
out  the  downstream  end  of  the  drift  chamber  as  shown 
In  Fig.  1.  The  downstream  end  of  the  drift  chamber  Is 
flared  to  allow  a  smooth  transition  to  free  space,  and 
the  radiation  Is  picked  up  by  receiving  horns 
connected  to  X-band  (8-12  CHz),  Ku  band  (12-18  GHz), 
and  Ka  band  (24-40  CHz)  dispersive  waveguide  lines  36 
ra  In  length.  These  dispersive  lines  are  connected  to 
calibrated  attenuators  and  calibrated  detectors.  The 
spectrum  Is  determined  using  standard  dispersive  line 
theory  and  total  power  Is  computed  by  multiplying  the 
power  measured  at  the  detector  by  factors  associated 
with  the  dialed  In  attenuation,  the  frequency 
dependent  attenuation  of  the  dispersive  lines,  and  the 
ratio  of  the  total  area  over  which  radiation  Is 
observed  to  that  of  the  receiving  horn. 

The  results  of  these  experiments  are  presented  In 
Fig.  5.  Figures  5(a)  and  5(b)  show  the  measured 
spectrum  for  a  rotating  beam  of  radius  =  6  cm 
Interacting  with  an  empty  circular  waveguide  of  radius 

7.5  cm.  These  results  show  the  characteristic  broad 
band  spectrum  associated  with  this  configuration  with 
power  levels  of  around  200  kW.^  Figures  5(c)  through 
5(f)  show  the  resulting  spectra  obtained  by  Inserting 
various  slotted  boundaries  Into  the  empty  waveguide. 
Figure  5(c)  shows  the  radiated  power  spectrum  from  the 
Interaction  of  the  beam  with  a  slotted  outer  wall  and 
no  Inner  conductor.  The  outer  conductor  radius  R0  Is 

7.5  cm  and  the  slot  depth  ds  Is  1  cm.  The  applied 
magnetic  field  Is  1375  G.  The  number  of  slots  Ns  Is 
12.  The  large  peak  observed  at  8.6  GHz  corresponds  to 
the  expected  resonant  point  near  12w  (fc  «  770  MHz) 
and  represents  an  Increase  In  power  over  the  empty 
waveguide  case  by  a  factor  of  10  .  Figure  5(d)  shows 
the  radiated  power  spectrum  for  a  rotating  beam 
Interacting  with  a  slotted  inner  conductor  and  a 
smooth  outer  boundary.  In  this  case,  Ns  »  20,  RQ  is 

7.5  cm,  the  inner  radius  R,  Is  5.3  cm,  and  ds  Is  0.4 
cm.  The  applied  magnetic  field  Is  1387  G.  A  dominant 
peak  at  16  GHz  that  corresponds  approximately  to  the 
20  is  resonant  point  Is  seen  with  an  output  of  30 
MW.  cFlgure  5(e)  shows  the  results  for  a  different  20 
slot  case  In  which  the  beam  radius  Rb  is  reduced  to 
5.25  cm  and  R^  Is  reduced  to  4.85  cm,  the  magnetic 
field  Is  set  at  1575  G.  These  new  conditions  shift 
the  cyclotron  frequency  up  to  990  MHz  which  causes  the 
20  <j  resonance  to  be  pushed  up  to  20  CHz,  although 
the  power  fell  to  about  3  MW.  The  drop  In  power  by  a 
factor  of  10  for  the  smaller  radius  case  can  best  be 
explained  by  referring  to  Fig.  6.  Figure  6  Is  a  plot 
of  the  axial  beam  current  passing  through  the  cusp  as 
a  function  of  the  applied  magnetic  field.  The  optimum 
operating  range  for  the  Rj,  ■  6  c«  beam  Is  at  1350-1415 
G  with  a  maximum  injected  current  of  about  3  kA.  The 
optimum  operating  range  of  the  new  5.25  cm  radius  beam 
Is  at  a  field  of  1550-1600  G  and  a  current  of  about  1 
kA.  If  It  is  presumed  that  power  Is  proportional  to 
the  square  of  the  beam  density  and  therefore  to  the 
square  of  the  beam  current,  the  factor  of  2-3  drop  In 
the  Injected  current  Wbuld  cause  a  reduction  In  the 
radiated  power  by  a  factor  of  4-9. 

Figure  5(f)  shows  the  radiated  power  spectrum  for 
a  rotating  beam  propagating  between  •  20  slotted 
Inner  and  outer  conductors  (180°  out  of  phase).  In 
this  case,  RQ  ■  7.5  cm,  Rj  ■  5.0  cm,  d,.  »  0.64  cm,  and 
Ru  *  6  cm.  The  applied  magnetic  field  Is  1400  G. 
Theoretical  analysis  of  such  "glide  symmetric" 
systems'  Indicate  that  as  the  two  slotted  walls  are 
brought  closer  together,  the  effective  periodicity  of 
the  system  approaches  half  of  that  possessed  by  either 


slotted  wall  alone.  As  can  be  seen,  the  radiated 
power  was  largely  moved  up  to  36  GHz,  near  40u)_.  We 
are  Initiating  theoretical  work  on  this  new  concept. 


FIG.  5.  Typical  single  shot  power  spectra.  Smooth 
outer  wall,  no  Inner  wall:  (a)  X-band,  (b)  Ka-band. 
Slotted  wall  structures:  (c)  12  outer,  (d)  20  Inner, 
smooth  outer,  Rb  “  6.0  cm,  (e)  same  as  (d)  except  Rb  ■ 
5.25  cm,  (f)  20  Inner/outer.  Geometry  Is  in  the  text. 
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Magnetic  Field  (GAUSS) 

FIC.  6.  Axial  beam  current  passing  through  cusp  as  a 
function  of  magnetic  field  for  Rfe  »  6.0  cm,  Rb  -  5.25 
cm. 
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The  production  of  high  power  microwave  radiatio”  t  high  harmonics  of  the  electron  cyclotron 
frequency  by  the  interaction  of  a  rotating  electron  beam  with  a  magnetron-type  conducting 
boundary  has  been  studied  theoretically  and  experimentally  using  a  2-MeV,  1-2-kA,  10-ns 
electron  beam  pulse.  Approximately  10%  of  the  electron  beam  power  has  been  converted  to 
microwave  radiation  at  the  12th  harmonic,  and  about  2%  at  the  20th  harmonic.  Radiation 
characteristics  are  in  good  agreement  with  a  theoretical  analysis  of  the  resonant  interaction  of  a 
beam  mode  with  the  modes  of  the  conducting  boundary  system.  Radiation  from  rotating  beams  in 
“glide-symmetric”  boundary  systems  is  also  reported. 

PACS  numbers:  85.10.Ka 


I.  INTRODUCTION 

The  renewed  interest  in  novel  high  power  microwave/ 
millimeter  wave  sources  in  the  past  few  years  has  resulted 
from  possible  applications  of  such  sources  in  such  diverse 
areas  as  heating  of  fusion  plasmas,  particle  accelerators,  and 
communications.  Among  these  new  sources  are  gyro- 
trons. free  electron  lasers,4,5  and  relativistic  magne- 
trons.'’'7  In  this  paper,  we  report  experimental  and  theoreti¬ 
cal  studies  of  a  new  type  of  microwave  device  in  which  high 
power  microwaves  are  generated  at  high  harmonics  of  the 
electron  cyclotron  frequency  (rar)  by  the  injection  of  a  rotat¬ 
ing,  axis  encircling,  electron  layer  (£-Iayer|  into  a  magne¬ 
tron-type  conducting  boundary  configuration.  This  concept, 
first  reported  by  our  group  in  1981,"  was  derived  from  pre¬ 
vious  experimental  and  theoretical  work  on  the  microwave 
production  from  rotating  E-layers  in  simple  cylindrical  or 
coaxial  boundary  systems.''10 

The  potential  of  such  devices  to  produce  radiation  at  or 
near  high  harmonics  of  the  electron  cyclotron  frequency 
makes  them  especially  attractive,  since  they  require  substan¬ 
tially  less  applied  magnetic  field  strength  than  gyrotrons  or 
magnetrons  operating  at  the  same  frequency.  Recent  theo¬ 
retical  studies, 1  moreover,  indicate  that  they  may  be  ex¬ 
pected  to  operate  over  a  wide  range  of  electron  energies  and 
currents  and  at  frequencies  into  the  millimeter  regime.  In 
this  paper,  we  present  theoretical  and  experimental  studies 
of  the  production  of  radiation  in  such  systems  ai  or  near  12 
cjc  and  20  «...  In  addition,  we  discuss  the  results  of  an  experi¬ 
ment  in  w  hich  an  £Mayer  is  injected  into  a  "glide  symmetric” 
boundary  system  designed  to  produce  radiation  near  the 
40th  harmonic.  A  theoretical  discussion  in  which  the  radi¬ 
ation  is  modeled  as  a  resonant  interaction  of  a  beam  mode 
with  the  modes  of  the  conducting  boundary  system  is  pre¬ 
sented  in  Sec.  II  The  experimental  results  are  summarized 
in  Sec.  Ill,  and  conclusions  are  drawn  in  Sec.  IV. 

II.  ANALYSIS  OF  THE  INTERACTION  OF  AN  ELECTRON 
BEAM  WITH  A  SLOTTED  WAVEGUIDE:  CARTESIAN 
LIMIT  (k,  ~  0) 

In  our  experiment,  a  thin  annular  electron  beam  rotates 
about  the  axis  of  a  magnetic  field (/<„)  slotted  waveguide  cy¬ 


lindrical  system  as  shown  in  Fig.  1(a).  The  beam's  azimuthal 
velocity  is 


m  Yo 

and  also  has  a  velocity  component  along  the  field  V.,  where 

P\  +  P\  =  W,/0:  +(F./c|-  =  1  -  (l/?f,). 

The  slotted  structure  is  placed  on  either  the  outer  wall,  the 
inner  wall,  or  both.  In  order  to  investigate  theoretically  the 
interaction  of  the  beam  with  the  modes  of  the  guide,  we  have 
considered  a  cartesian  model  of  the  cylindrical  system.  This 
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model  is  shown  in  Fig.  Kb).  The  model  and  dimensions  are  so 
drawn  and  labeled  as  if  the  slotted  wall  is  interior  to  the  beam 
and  the  exterior  wall  is  smooth.  The  space  where  the  beam 
travels,  the  “interaction  region,"  has  a  width  “ a " 
(  =  /}„  —  /?,)  and  the  slots  have  a  depth  d, ,  width  w , ,  and  a 
periodicity  given  by  the  length  ds  .  The  symbol  Ay  repre¬ 
sents  the  number  of  the  slots  in  the  cylindrical  system,  that 
is,  we  require  A',  ds  =  2ttR„.  Thus,  in  the  cartesian  analysis, 
the  system  periodicity  occurs  in  a  distance  ds  .  The  beam 
is  located  a  distance  jc,, (  =  Rh  —  R,  I  from  the  slots  and  is 
travelling  across  the  slots  at  a  velocity  V„(  =  Vt ).  The  coor¬ 
dinate  system  for  analysis  is  also  shown  in  Fig.  1(b). 

A  brief  comment  on  the  cartesian  model  is  in  order  be¬ 
cause  of  the  large  amount  of  literature,  including  our  own,"1 
that  analyzed  the  smooth  wall  tube  in  cylindrical  coordi¬ 
nates.  In  the  smooth  wall  case,  the  analyst  of  mo  ie  structure 
and  linear  stability  of  the  interaction  of  the  rotating  electron 
beam  with  the  waveguide  modes  was  relatively  straightfor¬ 
ward.  For  smooth  walls,  cylindrical  waveguides  are  required 
in  order  to  have  any  mode-beam  resonance.  In  that  case,  the 
linearized  quantities  were  Fourier  decomposed  as 
exp i{!J>  +  k,z  —  cot ).  The  dominant  perturbation  in  that  case 
was  along  the  beam,  and  we  obtained"1 

D  -,  e  {tlj/iio  +  to;P\„)  <$£■,, 

A  /;  0  ,  ~  —  ; - 77“  *  ‘  1  ) 

my,,  t/7  -  co;  &, 

where  if),  =  co  —  lcoc  —  k,  Y'^,  coc  =  eBJmy Pin 
=  Rbcoc/c,  Fo  =  (1  -Plo when  analyzing 
resonant  interaction  t/y~0,  the  above  expression  can  be  ap¬ 
proximated  by 

x  ^  n  2  ,ni 

- PI  0— — ,  (2) 

m}\,  \!rj 


which  represents  a  “negative  mass"  effect.  However,  if  the 
above  analysis  is  taken  to  the  cartesian  limit, 
J/j0  =  Rbco e  =  constant,  Rb— -00,  B„—0,  Eq.  (1)  becomes 


1  <5  E, 


™Yo 


(3) 


now  representing  a  “positive  mass.”  Below,  we  will  derive  an 
expression  identical  to  Eq.  (3).  With  respect  to  the  analysis  at 
hand  where  we  are  looking  for  resonant  interaction  of  a 

_ I 


beam  wave  with  a  waveguide  mode,  the  sign  of  the  m  j'-s  term 
is  not  important,  since  the  equation  is  cubic  versus  quadratic 
in  form.  Likewise,  the  dominance  of  the  negative  mass  term 
or  the  cartesian  term  for  a  given  system  is  not  clear.  The 
magnitude  of  location  of  the  beam  relative  to  the  con¬ 
ducting  wall,  frequency  shift,  and  beam  density  iv 1,  ali 
appear  to  be  determining  factors  as  to  which  is  most  impor¬ 
tant.  However,  the  relame  simplicity  of  the  moues  1^;  a  car¬ 
tesian  slotted  waveguide  versus  the  actual  cylindrical  slotted 
waveguide  has  led  us  to  pursue  the  former  model. 

A.  Empty  waveguide  analysis:  Dispersion  relation 

In  this  initial  investigation,  we  simplify  the  analysis  by 
considering  the  mode  structure  for  the  case  of  k.  =  0  icut- 
off).  When  there  is  no  beam  present,  the  empty  waveguide, 
the  modes  decompose  into  TE  and  TM  waves.  Only  the  1"E 
model£.  =  0.  //.  *=0|  has  a  nonzero  value  of  £, ,  the  electric 
field  that  couples  the  wave  to  the  beam.  Assuming  the  fields 
vary  asexp jcot  —  jP.,v).  the//,  field  111  the  interaction  region. 
0<.t  < a.  is  given  by 

// K.v.v’l  —  V  .-I,  cosj K,,\a  —  ,vi jc  <'v,  |4| 

whereA';  =  rr/c  -  p:„,p„  =//,,  2r;:/Jv  ,  and  the  other 

nonzero  fields  are  given  by  £  {  =  -  </>’,  /<oe„di and 
E[.  =  [j/coe„\dH  ‘./dx.  The  quantity  p,p%  represents  the 
phase  shift  from  one  slot  region  to  the  next.  Likewise,  in  the 
first  slot  region,  —  d,  <  x  <  0,  —  tty  ,  <y  <  tty, , ,  the  //.  field 
is  given  by 

H  'l-t.y)  =  £  .•!„  cos[A'„  (x  +  c/,|]cos[/?„  [y  +  iiy/2l],  (51 

n  t) 

where  K2„  =  co:/c:  —  P\ ,  P„  =  trti'/tty,  and  the  other 
fields  are  given  by  E\  =  —  \j/toe„ )dH\ /dy  and  £}. 
=  \j/coe„]dH\/dx. 

Our  solution  procedure  is  to  choose  one  of  the  ortho¬ 
gonal  modes  in  the  slot,  that  is,  a  specific  and  find  the 
coefficients  of  the  field  components  in  the  interaction  region 
to  satisfy  the  boundary  conditions  across  the  gap.  Specifical¬ 
ly,  the  continuity  of  Ey  and  //.  across  the  gap  is  required. 
That  is,  for  Ey, 


£  AnK„  sin(A'„alf?  lPj> 

It  s  —  OB 

and  for  H, , 


—  A„K„  sin|£„  </,)cos[/?„  ly  +  uy/2)],  -  w,/2  <y<w,/2 

0,  ws/2  <  |y|  <</v  /2. 


£  A„  cos(A'„a)e  ,P'y  =  A„  cos(/f,  t/,)cos[/7„  (y  +  tty/2)],  -  uy/2  <y  <  tty/2. 


(6) 

(7) 


r 


The  dispersion  relation  co\p„)  is  determined  by  multiplying 
Eq.  (6)  by  the  eigenfunctions  in  the  interaction  region,  <r"'y, 
and  integrating  from  —  ds  / 2  to  dy  /2  and  multiplying  Eq. 
(7)  by  the  eigenfunctions  in  the  slot  region, 
cos \P„  (y  -f-  «i,/2|],  and  integrating  from  —  uy/2  to  uy/2. 
The  dispersion  relation  for  the  empty  waveguide1’  becomes 


DJcoJJ,,)^ 


where 


1  if  n  =  0 

1/2  if  nV  0 

cot  I  A',  d,\ 


K.  tv. 


^  cot(A',c;l 

A 


/•;„  =o,isi 
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sin 


-y-lA,  +A.) 


-y(A  +A) 


sin 


+  1-  D" 


W. 

-ytfin  ~Pn) 


w. 

-ylPn  -PJ 


(9) 


Specifically  for  the  n'  =  0  slot  mode,  the  dispersion  rela¬ 
tion'6  becomes 


7C 

+  I 


cot(A'„a| 


\ 


u>,P„ 


2 


=  0. 


(10) 


For  this  slot  mode,  which  is  a  TEM  mode  in  the  slot,  the 
electric  field  across  the  gap  is  £  '„(0,_y) 
=  —  (/Af/e^sinlcodyc),  a  spatially  constant  electric  field. 


B.  Beam-waveguide  linear  stability  analysis 

The  analysis  of  the  slotted  waveguide  when  the  electron 
beam  is  present  is  based  on  the  assumption  that  the  beam 
only  slightly  perturbs  the  empty  waveguide  fields.  The  elec¬ 
tron  beam  in  the  cartesian  model  [Fig.  1(b)]  is  a  thin  sheet 
beam  of  uniform  density,  nb  =  ns6[x  —  x„),  located  a  dis¬ 
tance  xb  from  the  slot.  The  beam  travels  with  a  velocity 
across  the  slots  given  by  Vfl  =  V0ay.  The  relativistic  mass 
ratio  of  this  equilibrium  beam  is  y0  =  (1  —  Vl/c2)~'12. 

The  linear  stability  of  the  beam-waveguide  system  to 
small  perturbations  is  examined  as  follows.  The  beam  parti¬ 
cles  and  resulting  fields  are  perturbed  according  to 
exp  j(cjt  —  Pny)  with  a  complex  amplitude  that  depends  on  x. 
The  perturbation  produces  fields  of  the  form  of  TE  waves. 
That  is,  E  =  (£,,  £,,0)  and  B  =  (0,0,5,),  all  assumed  to  be 
small.  The  linearized  equations  of  motion  give 


c 

jmy04’„ 


[£,  +  V ltB.  ] , 


jnri'l’n 


D.  =  0, 


(11) 


where  tl>„  =  F0  and  all  quantities  with  a  tilde  are 

small.  The  linearized  continuity  equation  gives  the  per¬ 
turbed  beam  density 


n  = 


1  d 

i'I’n  dx 


(12) 


From  these  the  perturbed  charge  and  current  density  in 
Maxwell’s  equations  can  be  computed.  They  are 


e 

p  =  —  en  =  - 

j'l’n 

and 


4~[nbvx)-  njp„vy 
ox 


(13a) 


Jx=  -enbvx,  (13b) 

Jy  =  -en„uy  -eVJi.  (13c) 

All  perturbed  quantities  can  be  written  in  terms  of  the  fields 
via  Eq.  ( 1 1 ).  We  now  proceed  to  solve  Maxwell’s  equations  in 
the  interaction  space  with  the  electron  beam.  We  write  the 
solutions  for  H.  in  the  form 


H. 


An  cos[AT„(a -.*)]<?  J0~y,  xb<x<a 

[ B„  cos(£„x)  +  C„  sin(£„x)]e  ~>0"y,  0<x<xb 

(14) 


from  which  we  can  calculate  Ex  and  £v.  We  then  apply  the 
boundary  conditions  at  the  electron  beam,  which  are:  con¬ 
tinuity  of  Ey,  which  gives 


aii,  _  3H: 

dx  V  dx 


(15) 


and  jump  in  //,  due  to  the  perturbed  surface  current,  which 
gives 


Hz[xb+)- Hz{xb  )=  e-^-vy(xb).  (16) 

'Pn 

These  boundary  conditions  allow  us  to  write  all  the  fields  in 
the  interaction  space  in  terms  of  one  coefficient,  say  B„ .  We 
then  sum  the  fields  over  all  these  interaction  space  modes 
and  match  these  fields  to  one  of  the  modes  in  the  slot,  i.e.,  the 
n'  mode  as  we  did  in  Eqs.  (6)  and  (7).  From  this  we  obtain  a 
modified  dispersion  relation  given  by 


1  if  n'  =  0  cot(£„  dt) 
1/2  if  /iV 0  X  K„  ws 


* 

I 


ft  ~  —  t> 


Fnn-  cos(£„a)  +  ctK„  cos(A„x,,)sin[£„(a  -  *„)] 
K„dy  sin(A„a)  +  aK„  sin|A'„xJsin[A'„(a  -  .t6)] 


=  0, 


(17) 


where  a  =  e2nt/meuft  \Ir„  ss{v/y,,)[4iTC:/ftl'2„).  For  the  appropriate  limit,  »-/}'„<  1,  the  first-order  modified  dispersion  relation 
becomes 


A  {to  A,)  = 


|  I  if  n'  =  01  cotlA'„<f,)  -  cot  I  A”,  a) 
11/2  if  OP  Km.u>,  +  .  A.  A'nJv 

_ 1  v  4 tre2  '  |  sin:{  A"„(tf  — -yj] 

<f.v,  V»  fa  *  •  ~  tl':„  sin:A'„a 


(18) 
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using  Eq.  (8).  The  left-hand  side,  when  equal  to  zero,  repre¬ 
sents  the  empty  waveguide  dispersion  relation  and  the  right- 
hand  side  represents  the  electron  beam  effects. 

We  solve  Eq.  (18)  in  order  to  determine  the  interaction 
of  the  electron  beam  and  the  waveguide  modes.  We  look  for 
solutions  where  o  =  Vn  +  Seo,  for  |^|<30F0=<u0.  Ex¬ 
panding  £>„  [coJ3„)  about  u>„  and  multiplying  by  (&j),:  we  ob¬ 
tain  from  Eq.  (18) 


Dn  (WojSoK&ul2  +  — - -  (<5w)3 

0(0  1  a*,, 

_ 1  V  4irc:  sin- [AT„(a  —  jca  )  ] 

~  d  v,  y0  }i  sin:(A» 


(19) 


where  we  kept  only  the  n  =  0  term  on  the  right-hand  side  of 
Eq.  (18),  and  K()  =  yfc o2„/c 2  —  pln.  Equation  (19)  is  solved  and 
the  results  are  displayed  and  discussed  shortly.  For  the  case 
of  beam-waveguide  resonance,  i.e.,  D„[co0J30)  =  0,  Eq.  (19)  is 
a  third-order  equation  for  8a>  and  possesses  an  unstable  root 
of  growth  rate 


<*>/  _  Im  oj 

l v/r»),n  -  (v/r0),M 


[  dco 

x  sin:[Ar„(a  -sj]  1 1/3 
sin:(AT(la)  J 


1  47tc: 
d.v,  f0 


(20) 


Since  this  represents  the  maximum  growth  rate,  all  results 
are  normalized  to  the  factor  (v/y(l)'n.  From  Eq.  (19),  when 
the  second-order  term  in  Soj  dominants  on  the  left-hand  side 
(nonresonance),  the  stability  of  the  mode  is  determined  by 
the  sign  of  D„  (a)^J3u\. 


C.  Results 

The  results  of  the  analytical  analysis  are  presented  in 
graphical  form  in  Figs.  2-6.  In  Figs.  2  and  3,  the  empty 
slotted  waveguide  mode  structure  [Eq.  (8)]  for  a  12  and  20 
slot  system  is  shown,  and  in  Figs.  4-6  the  linear  growth  rates 
[imaginary  part  of  So)  in  Eq.  (19)]  are  shown. 

In  Fig.  2,  the  dispersion  relation  fora  12  slot  waveguide 
system  is  displayed.  Referring  to  Fig.  1(b),  the  geometric  pa¬ 
rameters  are:  a  =  2.5  cm,  dN  =  3.14  cm,  d,  —  1.0  cm,  ws 
=  1.57  cm.  In  Fig.  2(a),  the  dispersion  relation  of  the  system 
for  the  ri  =  0  slot  mode  is  shown  and  for  the  n'  =  1  slot 
mode  in  Fig.  2(b).  Specifically,  frequency  in  GHz  is  plotted 
versus  ,  where =  2-  means  the  phase  of  the  elec¬ 
tric  field  across  all  slot  gaps  is  in  exactly  the  same  direction  at 
any  time  and  when  P,4\  —  it,  it  means  the  field  changes 
direction  from  gap  to  gap.  For  reference,  the  equivalent  azi¬ 
muthal  harmonic  number  /  for  a  cylindrical  system  is  plotted 
along  with  •  Since  the  system  is  assumed  to  repeat  itself 
every  12  slots,  the  spectrum  is  discrete,  indicated  by  the 
"dots.”  If  the  system  is  not  bounded  in  y,  the  dispersion 
curves  arc  continuous  as  shown  by  the  solid  lines.  Obviously, 
the  dispersion  curve  repeats  itself  every  2r  in  (i,4s ,•  For 
reference,  the  beam  wave  to  =  for  a  beam  with  y„  =  6  is 
drawn  which  is  very  close  to  the  velocity  of  light  line  on  this 
graph.  This  value  of  ylt  corresponds  to  an  electron  energy  of 
about  2.5  MeV.  The  experiments  reported  in  the  next  section 


(b)  phase  shift  from  slot  to  SLOT  -l/30dNj) 


FIG.  2.  Vacuum  waveguide  mode  structure  for  a  1 2  (.V, )  slot  periodic  planar 
waveguide  with  geometry  a  =  2.5  cm.  dy  =  3.14  cm,  d,  =  1.0  cm,  w, 
=  1.57  cm.  The  interacting  beam  mode  is  also  shown  (  y0  =  6).  lal  n'  =  0: 
zero-order  slot  mode;  (bl  n‘  =  1 :  first-order  slot  mode. 


were  performed  with  injected  electron  beam  energies  in  the 
range  2-2.5  MeV,  with  associated  y„  =  5-6.  We  find  these 
results  to  be  relatively  insensitive  to  variations  in  y0  over  this 
range.  One  should  note  that  if  no  slots  are  present  id,  =  0), 
the  dispersion  relation  would  be  oj  =  c\/£  2y  -F  {nr/aY  and 
thus  no  modes  have  a  phase  velocity  less  than  the  velocity  of 
light,  and  thus  there  can  be  no  beam-waveguide  mode  reso¬ 
nant  interaction.  Obviously,  the  presence  of  the  slots  slows 
the  waves  down  to  below  the  velocity  of  light  allow  ing  reso¬ 
nant  interaction.  One  can  think  of  the  various  modes  dis¬ 
played  in  Figs.  2(a)  and  2(b)  as  .v-mode  structure  which  is 
equivalent  to  radial  |rl  mode  structure  in  the  cylindrical  sys¬ 
tem. 

In  Fig.  3,  the  dispersion  relation  fora  20  slot  waveguide 
system  is  displayed  in  the  same  manner  as  in  Fig.  2  The 
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FIG.  3.  Vacuum  waveguide  mode  structure  for  a  20(/V, )  slot  periodic  planar 
waveguide  with  geometry  a  —  1.7  cm.  ds  =  1.885  cm,  dt  =0.4  cm,  w, 
=  0.6283  cm.  The  interacting  beam  mode  is  also  shown  (  y„  =  6).  (a)  n'  =  0: 
zero-order  slot  mode;  |b|  n‘  =  I:  first-order  slot  mode. 


geometry  of  this  system  is,  a  =  1.7  cm,  dy  =  1.885  cm,  d, 
=  0.4  cm,  w,  =  0.6283  cm.  The  dispersion  relation  for  the 
n'  =  0  slot  mode  is  shown  in  Fig.  3(a)  and  for  the  n'  =  1  slot 
mode  in  Fig.  3(b).  Again  the  beam  mode  (y„  =  6)  is  displayed. 

In  Fig.  4,  the  normalized  growth  rate  is  shown  for  the 
12  slot  waveguide  of  Fig.  2  and  an  electron  beam  that  is 
located  1 .0  cm  (jch )  from  the  slots  and  has  a  relativistic  mass 
ratio  of  yn  =  6.  The  normalization  factor,  <ur  =  2 nfc,  is  that 
of  an  equivalent  rotating  beam  at  a  radius  of  6  cm.  Specifical¬ 
ly,/,  =  0.8  GHz.  The  growth  rate  is  plotted  versus  frequen¬ 
cy  /  and  equivalent  azimuthal  harmonic  number 
The  growth  rate  for  the  n'  =  0  slot  mode  is  displayed  in  Fig. 
4(a)  and  for  the  n'  =  1  slot  mode  in  Fig.  4(b).  In  Fig.  5,  the 
normalized  growth  rate  for  a  1 2  slot  waveguide  is  shown  that 
has  a  slot  width  of  half  the  value  of  that  in  Figs.  2  and  4,  that 
is,  w%  =  0.785  cm.  In  Fig.  6,  the  normalized  growth  rate  fora 
20  slot  waveguide  is  shown  that  has  the  same  geometric  val¬ 
ues  as  in  Fig.  3  and  the  same  beam  parameters  as  in  Figs.  4 
and  5. 

For  discussion  purposes,  consider  the  12  slot  guide 
whose  mode  structure  appears  in  Fig.  2  and  growth  rate  for 
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electron  beam  interaction  in  Fig.  4.  For  the  n'  —  0  slot  mode 
case,  Fig.  2(a)  indicates  that  there  are  beam  mode-waveguide 
mode  intersections  in  frequency  and  equivalent  harmonic 
number  at:  4-5  GHz  (/— 6),  6-7  GHz  (/—  8  or  9),  9-10  GHz 
(/~  12),  10-1 1  GHz|/~  13),  etc.  In  Fig.  4(a),  we  see  that  there 
is  strong  interaction  near  these  frequencies,  indicated  by  fin¬ 
ite  growth  rate  and  no  unstable  interaction  at  other  harmon¬ 
ics.  The  frequency  regime  in  Fig.  4(a)  is  extended  beyond  that 
shown  in  Fig.  2(a)  but  the  same  resonant  interactions  occur 
but  with  higher  j:-mode  numbers.  The  growth  rates  are  cal¬ 
culated  as  if  the  waveguide  were  not  periodic,  i.e.,  the  disper¬ 
sion  relation  represented  by  the  solid  line  of  Fig.  2(a). 
Though  there  is  not  exact  intersection  of  a  beam  mode  and  a 
periodic  waveguide  mode  (dots),  we  envision  that  a  finite  k. 
will  allow  an  intersection  to  occur.  However,  if  the  required 
kz  becomes  too  large,  the  frequency  will  be  far  removed  from 
the  spectrum  regime  displayed.  The  ri  =  1  slot  mode  results 
in  Figs.  2(b)  and  4(b)  can  be  discussed  in  the  same  manner. 
However,  one  should  note  that  the  cutoff  frequency  in  the 
slot  is  9.6  GHz  for  this  mode,  and  thus  the  two  unstable 
interactions  near  /  =  6  and  8  in  Fig.  4(b)  represent  attenuated 
waves  in  the  slots  but  for  /  £  12  there  are  propagating  modes 
in  the  slot.  Clearly  /«'> 2  slot  modes  have  a  higher  cutoff 
frequency  in  the  slot  and  thus  are  not  displayed,  because  we 
surmise  that  attenuated  slot  modes  will  not  be  observed. 

A  12  slot  waveguide  with  a  slot  w  idth  of  half  that  used 
in  Figs.  2  and  4  results  has  a  growth  rate  spectrum  in  fre¬ 
quency  as  shown  in  Fig.  5(a)  for  the  n'  =  0  slot  mode,  and  the 
for  the  n'  =  1  in  Fig.  5(b).  The  cutoff  frequency  in  the  slot  is 
about  19  GHz  for  this  width  and  thus  all  n'  =  1  growth  rates 
represent  attenuated  waves  in  the  slot. 

The  results  of  the  20  slot  guide  are  shown  in  Figs.  3  and 
6.  Again,  unstable  interaction  occurs  where  the  beam  wave 
intersects  the  waveguide  mode.  The  n'  =  1  mode  has  a  cutoff 
frequency  in  the  slot  of  about  24  GHz  indicating  that  only 
the  unstable  interactions  above  this  value  while  propagate 
out  of  the  system. 

These  results  should  be  compared  with  those  of  the 
smooth  hollow  waveguide-electron  beam  interaction  pre¬ 
sented  in  Ref.  10.  In  those  results,  all  beam  harmonics  (/) 
were  unstable  once  resonant  interaction  could  occur,  where¬ 
as  in  the  present  analysis,  the  guide  mode  structure  does  not 
allow  for  every  /  mode  to  resonantly  interact. 


III.  EXPERIMENT 
A.  Apparatus 

In  our  configuration,  a  rotating  relativistic  f-layer  is 
produced  by  passing  a  hollow  nonrotating  beam  through  a 
narrow  symmetric  magnetic  cusp.  The  downstream 
chamber,  in  which  the  rotating  beam  propagates,  has  a  con¬ 
ducting  wall  structure  that  is  similar  lo  that  of  the  magne¬ 
tron.  The  experimental  configuration  is  show  n  schematical¬ 
ly  in  Fig.  7.  A  hollow,  nonrotating,  relativistic  electron  beam 
(2-2.5  MeV,  20  kA,  30  nx|  is  emitted  from  a  12-cm-diatn 
circular  knife-edge  carbon  cathode  located  7.5  cm  upstream 
of  the  anode.  A  0.5-cm-wide  circular  slit  in  the  anode  plate 
allows  a  fraction  of  the  diode  current  to  pass  through  the 
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FIG.  4.  Normalized  TF.  growth  rate  [Eq.  Il9i] 
vs  frequency /and  equivalent  harmonic  number 
/  for  a  12  slot  periodic  planar  waveguide  with 
geometry  the  same  as  in  Fig.  2  and  beam  param¬ 
eters  K,  =  6,  xh  =  1.0  cm.  and  / 
=  w.  /2.t  —  0.8  GHz.  lain'  =  0:  zero-order  slot 
mode;  lb)  it’  =  I:  first-order  slot  mode. 


anode  plane  into  the  magnetic  cusp  transition  region,  where 
the  v,  X  Br  force  efficiently  converts  axial  particle  velocity  to 
azimuthal  velocity  downstream  of  the  cusp  transition.  The 
details  of  particle  motion  in  the  cusp  region  are  reported 
elsewhere,14  and  it  is  easily  shown  that  the  downstream  par¬ 
ticle  orbits  arc  axis  encircling  with  a  gyroradius  equal  to  the 
cathode  radius.  Typical  downstream  beam  parameters  are  2 
MeV,  2  kA,  and  5  ns,  and  the  rotating  ZT-laycr  moves 
through  the  downstream  region  with  an  axial  velocity  in  the 
range  0. 1-0.3  c.  Thus,  since  the  azimuthal  velocity  r,  ~c, 
the  ratio  u,  /vn  is  in  the  range  3-10.  The  instantaneous  cner- 
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gy  spread  in  the  electron  beam  is  very  small  (less  than  !C£)  as 
indicated  from  previous  results.9  The  magnetic  field  up¬ 
stream  and  downstream  of  the  cusp  transition  is  in  the  range 
1200-1 400  G.  with  a  resultant  relativistic  cyclotron  frequen¬ 
cy  of  about  770  MHz  at  1350G. 

B.  Radiation  at  12<jr 

The  rotating  electron  beam  in  the  region  downstream  of 
the  cusp  transition  interacts  with  an  outer  conducting  slotted 
boundary  as  depicted  in  Fig.  7.  It  consists  of  12  resonators 
I'V,  =  1 2)  having  an  outer  radius  R„  or  7.5  cm  and  an  inner 
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FIG.  5.  Normalized  TE  growth  rate  [Eq.  1191] 
vs  frequency./  and  equivalent  harmonic  number 
I  for  a  12  slot  periodic  planar  waveguide  with 
geometry  the  same  as  is  Fig  2  except  u\ 
=  0.785  cm.  The  beam  parameters  are  —  6, 
•*;,  —  1.0  cm,  and  /  =oi1/2,t  =  0.8  GHz.  (al 
n'  —  0:  zero-order  slot  mode;  |b|  n'  =  1  first-or¬ 
der  slot  mode. 


radius  of  6.5  cm,  that  is,  the  slot  depth  is  1  cm.  No  inner 
conductinc  boundary  was  used  for  these  experiments.  For 
comparison  purposes,  measurements  were  also  made  of  the 
radiation  produced  when  the  beam  interacts  with  a  simple 
cylindrical  outer  conducting  boundary  of  7.5  cm  radius.  De¬ 
tails  of  the  radiation  production  in  this  latter  configuration 
have  been  reported  elsewhere.9"’  Unlike  a  conventional 
magnetron,  where  radiation  is  usually  extracted  through  a 
window  in  one  of  the  resonators,  radiation  in  this  system  was 
extracted  axially  out  the  downstream  end  of  the  drift 
chamber,  as  shown  in  Fig.  7.  The  downstream  end  of  the 
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drift  chamber  was  flared  to  provide  a  smooth  transition  to 
free  space,  and  the  radiated  power  was  detected  by  a  receiv¬ 
ing  horn  and  a  34-m  A'-band  ( 8—  1 2  GHz)  dispersive  line  con¬ 
nected  to  a  calibrated  attenuator  and  a  calibrated  detector. 
Total  power  was  obtained  by  determining  the  effective  radi¬ 
ation  area  at  a  given  axial  position  of  the  receiving  horn  (by 
carefully  surveying  the  region  to  determine  over  what  area 
radiation  is  produced)  from  the  output  end  of  the  drift 
chamber  and  multiplying  the  measured  radiated  power  at 
the  detector  by  the  ratio  of  this  area  to  that  of  the  receiving 
horn.  The  power  spectrum  of  the  radiation  was  determined 
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FIG.  6.  Normalized  TE  growth  rate  [Eq. 
1 19|]  vs  frequency  /  and  equivalent  harmonic 
number  I  for  a  20  slot  periodic  planar  wave¬ 
guide  with  geometry  the  same  as  in  Fig.  3 
and  beam  parameters  y„  =  6,  xb  =  1.0  cm, 
and/,  =  o>,/2 ir  =  0.8  GHz.  (a)n'  =  0:  zero- 
order  slot  mode;  lb)  ri  =  I :  first-order  slot 
mode. 


by  making  use  of  the  frequency-dependent  group  velocity  of 
the  radiation  down  the  dispersive  line.  The  undispersed  radi¬ 
ation  pulse  duration  was  measured  to  be  about  5  ns. 

Results  of  these  measurements  are  shown  in  Fig.  8  both 
for  the  simple  cylindrical  outer  boundary  [Fig.  8(a)]  and  for 
the  magnetron-type  boundary  [Fig.  8lbl].  Each  spectrum 
was  obtained  from  a  single  shot,  with  each  point  represent¬ 
ing  a  peak  in  the  dispersed  radiation  waveform  reaching  the 
detector.  The  magnetic  field  setting  in  each  case  was  1 350  G. 
Shot  to  shot  reproducibility  using  the  magnetron  boundary 
was  about  +  5%  in  frequency  and  about  ±  20 Cc  in  power 
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amplitude.  It  is  easily  seen  that  both  the  total  power  and  the 
spectrum  of  the  emilted  radiation  are  affected  dramatically 
by  the  multiresonator  boundary.  For  the  simple  outer 
boundary,  the  power  is  very  broad  band  in  the  .T-band  fre¬ 
quency  spectrum  with  peak  powers  around  200  k\V.  How¬ 
ever.  for  the  magnetron  type  boundary,  the  peak  power  is  a 
factor  ol  1000  greater  and  occurs  predominantly  at  a  single 
frequency  around  lV<>  Gil/..  These  results  have  been  pub¬ 
lished  previously. s 

An  indication  of  the  strength  of  t he  resonant  interac¬ 
tion  is  shown  in  Fig.  •>,  where  the  power  produced  at  d.fo 
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FIG.  7.  General  experimental  configuration. 


GHz  is  shown  as  a  function  of  applied  magnetic  field.  It  is 
easily  seen  that  only  for  magnetic  fields  close  to  1350  G  are 
these  high  powers  obtained.  The  cusp  cutoff  field  is  the  value 
above  which  the  electrons  no  longer  have  sufficient  energy  to 
pass  through  the  cusp. 

C.  Radiation  at  20  oc 

Because  of  the  difficulty  in  machining  outer  magne¬ 
tron-type  conducting  boundaries  for  operation  at  higher  fre¬ 
quencies,  these  experiments  were  conducted  using  slotted 
inner  conductors,  as  shown  in  Fig.  1(a).  Outer  magnetron 
boundaries  should,  however,  be  superior  for  long  pulse  oper- 


f  (GHz) 


FIG  8.  Typical  single  shot  power  spectra  for  (a\  simple  cylindrical  outer 
conducting  boundary,  R„  =  7  5cm;|b|,V,  =  12  multiresonalor  magnetron 
outer  conducting  boundary,  R„  =  7,5  cm,  R,  =6.5  cm.  Applied  magnetic 
field  is  1 350  G  in  each  case. 


ation  of  this  device,  because  electrons  move  to  smaller  radii 
as  they  lose  energy  and  may  eventually  collide  with  an  inner 
boundary,  producing  plasma  and  breakdown  difficulties. 
Apart  from  this  change,  the  basic  experimental  configura¬ 
tion  in  this  case  was  the  same  as  that  used  for  studies  at  1 2  o)c , 
except  that  radiation  was  monitored  using  a  36-m  Ku  band 
(12-18  GHz)  dispersive  line  with  associated  attenuators  and 
detectors. 

Tracings  of  raw  oscilloscope  data  obtained  from  the 
Ku-band  dispersive  line  for  a  simple  coaxial  boundary  sys¬ 
tem  and  a  slotted  inner  n  —  20  boundary  system  (of  similar 
dimension)  are  shown  in  Fig.  10.  It  is  easily  seen  that  the 
broad  band  radiation  observed  in  the  unslotted  boundary 
system  is  converted  by  the  slotted  boundary  into  higher  pow¬ 
er  radiation  at  a  single  frequency.  The  attenuation  values 
given  include  the  correction  for  the  fraction  of  the  total  area 
over  which  radiation  is  observed  that  is  detected  by  the  re¬ 
ceiving  horn,  but  do  not  include  the  frequency-dependent 
attenuation  of  the  dispersive  line.  At  16  GHz,  this  attenu¬ 
ation  is  about  12  dB.  As  the  burst  duration  is  comparable  to 
the  pulse  duration,  the  line  bandwidth  cannot  be  estimated 
accurately,  although  it  is  certainly  less  than  1  GHz.  The  best 
results  obtained  from  these  measurements  are  plotted  in  Fig. 
1 1,  and  show  the  same  characteristic  behavior  as  the  12  a>c 
results,  although  the  radiated  power  is  lower.  This  is  attri- 


FIG.  9.  Radiated  power  at  6  6GII/  plotted  as  a  function  of  applied  magnet¬ 
ic  field. 
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FIG.  10.  Typical  oscilloscope  waveforms  of  (a)  electron  beam  generator  out¬ 
put  voltage,  |b)  Ku  band  detector  signal  for  rotating  beam  interacting  with  a 
simple  coaxial  boundary,  R0  =  7.0  cm,  R,  =  5.0  cm,  (c|  Ku  band  detector 
signal  for  a  /V,  =  20  slotted  inner  conductor,  R„  =  7.0  cm,  R,  =5.3  cm,  d, 
=  4  mm.  w,  =  6.3  mm. 


buted  to  a  somewhat  lower  injection  current  ( l  kA  compared 
to  1.5-2  kA  in  the  12  (oc  case)  and  to  the  fact  that  the  fields  in 
the  slot  cannot  penetrate  as  far  into  the  beam  when  the  slots 
are  smaller.  It  is  also  notable  that  this  boundary  was  de¬ 
signed  to  operate  with  the  “2 n,"  n'  =  0  modes  only,  while 
the  12  a>c  boundary  may  actually  be  resonating  at  a  "2jr," 
ri  =  1  mode. 

In  these  experiments,  we  have  routinely  monitored  ra¬ 
diation  in  JT-band  as  well.  In  the  case  where  a  system  is  effec¬ 
tively  radiating  in  the  “2rr”  mode  at  16  GHz,  we  do  not 
observe  any  enhancement  of  radiation  in  .Y-band  that  might 
be  associated  with  excitation  of  the  ‘  V  probe  at  8  GHz.  The 
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R  j  =  5  cm 
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FIG.  12.  Rotating  beam  propagating  between  slotted  inner  and  outer  boun¬ 
daries. 


observed  radiation  in  Y-band  is  more  characteristic  of  that 
observed  in  an  unslotted  cylindrical  boundary  system. 

We  have  also  varied  the  slot  depth  to  observe  its  effect 
on  radiated  power.  As  expected,  unless  the  slot  depth  is  set  to 
a  value  such  that  a  “2tr”  resonance  occurs  near  N,coc ,  peak¬ 
ing  and  enhancement  of  the  radiated  power  spectrum  at  this 
frequency  do  not  occur. 

D.  Radiation  from  “glide  symmetric”  boundaries 

In  this  configuration,  shown  in  Fig.  12,  a  rotating  beam 
propagates  between  slotted  boundaries  with  an  effective  1 80° 
phase  difference  between  inner  and  outer  slots.  In  linear  sys¬ 
tems,  such  configurations  are  said  to  possess  “glide  reflec¬ 
tion  symmetry,”  and  theoretical  analysis15  shows  that  as  the 
two  conductors  are  moved  closer  together,  the  effective  peri¬ 
odicity  of  the  system  approaches  half  that  possessed  by  ei¬ 
ther  boundary.  Thus,  in  principle,  such  a  configuration 
might  lead  to  higher  frequency  radiation.  When  a  beam  was 
injected  into  such  a  configuration,  the  radiation  was  moved 
into  Ka  band  (26—40  GHz)  and  was  measured  using  a  36-m- 
long  Ka  band  dispersive  line.  Radiation  was  produced  pre¬ 
dominantly  at  36  GHz,  slightly  greater  than  40<yr,  and  the 
radiated  power  spectrum  is  shown  in  Fig.  13.  Theoretical 
analysis  of  this  system  is  currently  in  progress. 
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IV.  CONCLUSIONS 
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( 1)  Good  qualitative  agreement  between  theory  and  ex¬ 
periment  has  been  achieved  in  these  studies  of  the  interaction 
of  a  rotating  electron  beam  with  a  slotted  wall  waveguide 
structure  that  is  placed  either  inside  or  outside  of  the  elec¬ 
tron  beam. 

(2)  The  slotted  wall  structures  peak  the  radiation  at  se¬ 
lected  frequencies  versus  the  broad  band  nature  of  the  radi¬ 
ation  when  a  smooth  wall  structure  is  used.  These  selected 
frequencies  are  very  close  to  the  resonant  frequencies  where 
a  beam  mode  intersects  a  waveguide  mode. 

(3)  One  would  expect,  because  of  the  wall  structure,  that 
the  beam  would  preferentially  radiate  at  the  2)7  mode,  that  is, 
the  beam  harmonic  /  that  equals  the  number  of  slots.  This  is 
true  if  there  is  an  intersection  of  a  beam  wave  and  a  wave¬ 
guide  mode  at  this  location.  Thus,  by  changing  wall  geome¬ 
try,  this  required  intersection  can  be  achieved  and  radiation 
is  observed  near  lcoc . 

(4)  In  order  that  multi-moding  be  reduced,  the  n'  >  1  slot 
mode  cutoff  frequency  can  be  raised  above  the  n'  =  0  2ir 
mode  by  reducing  the  width  of  the  slots,  that  is.  making 
a\/ds  smaller.  At  the  same  time,  however,  the  volume  of 
the  slots  is  reduced,  which  may  affect  the  total  radiated  ener¬ 
gy.  Multimoding  due  to  electron  beam  properties  is  less  like¬ 
ly  in  our  system  than  in  conventional  cross-field  devices, 
because  there  is  almost  no  velocity  shear  across  the  beam. 
This  velocity  shear  gives  rise  to  many  co  =  0„Vn  lines  instead 
of  the  one  we  drew,  that  is,  an  angular  region  on  the  co  vs 
PJs,  graph. 
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The  first  observation  of  microwave  generation  at  the  sixth  harmonic  of  the  electron  cyclotron 
frequency  using  a  17  kV,  0.6-1 .0  A,  3 //sec  electron  beam  is  reported.  This  device,  which  is  called  a 
cusptron,  produces  radiation  from  the  resonant  interaction  of  a  nonrelativistic  rotating  electron 
beam  and  a  magnetron-type  conducting  boundary  with  six  vanes  by  the  negative  mas?  instability. 
The  observed  radiated  power  is  approximately  500  W  at  4.38  GHz. 


There  have  been  numerous  experimental  and  theoreti¬ 
cal  studies  of  high-power  and  high-frequency  microwave  de¬ 
vices  such  as  gyrotrons,'"'  relativistic  magnetrons,4  and  free 
electron  laser,.5-6  Hij-h-power  microwaves  have  been  also 
produced  by  tne  resonant  interaction  of  a  relativistic  rotat¬ 
ing  electron  layer  ( E  layer)  with  the  modes  of  various  con¬ 
ducting  boundary  systems  by  the  negative-mass  instabil¬ 
ity.7”11  To  date,  these  devices  have  been  operated  using  high 
magnetic  fields  and/or  high  electron  energies.  The  device 
which  we  report  here  operates  at  low  electron  energy,  and. 
since  it  produces  radiation  by  the  negative  mass  instability  at 
a  high  harmonic  of  the  electron  cyclotron  frequency,  uses 
very  low  applied  magnetic  fields. 

One  of  the  simplest  ways  to  produce  a  rotating  E  layer 
involves  the  use  of  a  magnetic  cusp  field  through  which  an 
annular  electron  beam  is  injected.  After  the  cusp  transition 
region,  an  annular  beam  becomes  an  axis-rotating  beam 
propagating  downstream  with  the  same  radius  as  the  cath¬ 
ode.  The  name  cusptron  originates  from  the  use  of  a  magnet¬ 
ic  cusp  field  to  produce  a  rotating  E  layer  and  the  magne¬ 
tron-type  conducting  boundary  for  a  beam-wave  inter¬ 
action. 12-13  The  axis-encircling  electrons  are  bunched 
azimuthally  by  the  negative  mass  instability  and  the  beam 
energy  is  thereby  transferred  to  the  wave  energy.  Recent 
theoretical  studies14-15  on  this  device  have  shown  that  effec- 
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tive  microwave  generation  can  be  expected  over  a  wide  range 
of  electron  energies.  A  cusptron  operated  in  the  nonrelativis¬ 
tic  regime  holds  promise  as  a  practical  and  compact  micro- 
wave  tube  with  low  magnetic  fields.  In  this  paper,  we  report 
preliminary  results  of  a  cusptron  experiment  operated  at  the 
sixth  harmonic  of  the  electron  cyclotron  frequency. 

The  experimental  setup  and  the  magnetic  field  distribu¬ 
tion  are  shown  schematically  in  Fig.  1.  The  magnetic  cusp 
field  is  produced  by  two  independently  controlled  coils  on 
the  diode  side  and  by  a  long  solenoid  on  the  downstream 
side.  The  transition  width  of  the  cusp  is  narrowed  substan¬ 
tially  by  a  soft  iron  plate  placed  between  the  solenoids.  The 
cusp  transition  length  has  been  measured  as  0.5  cm,  which  is 
determined  by  the  FWHM  value  of  the  radial  magnetic  field 
at  the  beam  radius.  The  system  vacuum  is  maintained  by  two 
30  //sec  ion  pumps  at  2-5  X  10_lt  Torr. 

A  hollow  electron  beam  is  emitted  from  an  annular 
thermionic  cathode  of  1.4  cm  inner  radius  and  1.6  cm  outer 
radius  with  a  Pierce-type  focusing  electrode.  The  cathode 
assembly  is  mounted  on  a  bellow  coupled  pipe  for  its  align¬ 
ment  and  the  cathode-anode  gap  adjustment  can  be  made 
without  breaking  the  system  vacuum.  A  typical  cathode- 
anode  gap  is  6  cm.  An  anode  with  an  annular  slit  is  attached 
to  the  iron  plate.  A  0.2  cm  wide  circular  slit  in  the  anode 
plate  allows  an  annular  electron  beam  to  pass  through  the 
magnetic  cusp  transition  region,  where  the  vz  X  Br  force  con¬ 
verts  axial  velocity  to  azimuthal  velocity  downstream  of  the 
cusp  transition.  The  details  of  electron  motion  in  a  cusp  re¬ 
gion  may  be  found  in  Refs.  16  and  17. 

The  conducting  boundary  in  the  beam-wave  interact¬ 
ing  region  has  six  equally  spaced  vanes  of  Ra  —  1.84  cm  in¬ 
ner  radius  and  Rc  =  3.68  cm  outer  radius.  The  dispersion 
relation  of  the  fundamental  mode  (2 ,r  mode)  becomes 

ta'/c-  -k\  =  r,-/Rl 

For  these  values,  y  =  1.656,  and  the  cutoff  frequency  is  a>c 
=  (2n-)4.297  GHz.  These  parameters  are  obtained  from 
theoretical  studies14  for  a  resonant  interaction  of  the  2 it 
mode  with  a  beam  of  radius  1.6  cm  and  a  beam  energy  of  17 
kcV  due  to  the  limitation  of  the  available  high  voltage  power 
supply.  Under  this  limited  electron  energy,  we  can  operate 
this  device  with  a  magnetic  cusp  field  up  to  280  G. 

In  radiation  measurement  experiments,  we  fix  the  diode 
parameters  at  17  kV,  0.6-1 .0  A,  3/isec,  60  pps.  and  the  mag¬ 
netic  field  near  the  cathode  at  220  G.  The  downstream  mag¬ 
netic  field  is  continuously  varied.  The  radiated  power  signal 
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from  a  C  band  (3.95-5.85  GHz)  detector  responds  sharply 
only  in  a  narrow  region  of  the  downstream  magnetic  field. 
Typical  microwave  power  detected  is  approximately  500  W 
and  the  microwave  frequency  measured  by  a  spectrum  ana¬ 
lyzer  is  4. 38  GHz  with  an  8  MHz  bandwidth.  Figure  2  shows 
typical  oscilloscope  traces  of  the  beam  voltage,  diode  cur¬ 
rent,  and  detector  signal.  The  detected  frequency  corre¬ 
sponds  to  the  sixth  harmonic  of  the  electron  cyclotron  fre¬ 
quency  at  a  magnetic  field  of  only  260  G.  The  resonant 
interaction  takes  place  only  about  2.5  cm  downstream  from 
the  iron  plate,  since  the  downstream  flat  field  shown  in  Fig.  1 
is  400  G.  The  conversion  efficiency  between  the  power  de¬ 
tected  by  the  receiving  antenna  and  the  diode  power  is  ap¬ 
proximately  3%-4%.  It  is  possible  that  the  efficiency  of  ra¬ 
diation  production  could  be  much  higher,  since  a  fraction  of 
the  electron  beam  intercepts  the  anode  plate. 

In  conclusion,  about  500  W  of  microwave  radiation  at 
4.38  GHz  has  been  generated  by  the  interaction  of  a  nonrela- 
tivistic  rotating  E  layer  with  an  N  =  6  magnetron-type  con¬ 
ducting  boundary.  The  diode  is  operated  at  1 7  kV,  0.6- 1 .0  A, 
and  3  /tsec.  This  experiment  has  successfully  demonstrated 


that  high  harmonic  microwave  generation  can  be  produced 
from  a  nonrelativistic  cusptron  device.  This  device  holds 
promise  as  an  efficient,  compact  microwave  tube  suitable  for 
many  practical  applications. 
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Stability  properties  of  the  negative-mass  instability  in  a  rotating  annular  electron  beam  (E  layer) 
are  investigated,  in  connection  with  applications  on  the  cusptron  microwave  tubes.  The  analysis  is 
carried  out  for  an  infinitely  long  E  layer  propagating  through  a  magnetron-type  conducting  wall 
and  propagating  parallel  to  an  applied  axial  magnetic  field.  It  is  assumed  that  the  E  layer  is  thin 
and  very  tenuous.  A  closed  algebraic  dispersion  relation  of  the  negative-mass  instability  is 
obtained,  including  the  important  influence  of  conducting  boundaries  on  the  mode  control  in 
microwave  generation  and  amplification.  It  is  shown  that  for  typical  present  experimental  beam 
parameters,  the  gain  of  the  cusptron  normalized  to  the  excitation  frequency  can  b-  comparable  to 
that  of  the  gyrotron.  Moreover,  under  the  appropriate  geometric  configuration,  perturbations 
with  azimuthal  mode  number  N  are  dominantly  unstable.  This  optimizes  the  microwave  power 
output  of  the  radiation  with  frequency  a)~No)c ,  where  coc  is  the  electron  cyclotron  frequency  and 
N  is  the  resonator  number  in  the  conducting  wall. 


I.  INTRODUCTION  optimized  conditions,  indicating  no  amplification  in  these 

In  recent  years,  there  have  been  numerous  experimen-  physical  parameter  regimes,  which  is  particularly  important 

tal  and  theoretical  investigations  on  high-power  and  high-  for  a  stable  operation  of  the  microwave  amplifier.  In  this 

frequency  microwave  devices  such  as  gyrotrons,1'3  relativis-  regard,  we  investigate  the  negative-mass  stability  properties 

tic  magnetrons,4  and  free  electron  lasers.5-6  High-power  of  the  £  layer,  including  the  important  influence  of  the  finite 

microwaves  also  have  been  produced  by  the  negative-mass  axial  wavelength  perturbations  on  the  stability  behavior  and 

instability  7~10of a  relativistic  rotating  electron  layer  (£  layer)  determining  all  the  optimum  conditions  of  the  cusptron  mi- 

in  a  conducting  waveguide.  This  relatively  new  scheme  of  crowave  tubes.  Most  critical  parameters  are  determined 

microwave  generation  by  a  rotating  £  layer  has  many  attrac-  from  the  grazing  condition  in  Eqs.  (52)  and  (53).  The  grazing 

tive  features  in  practical  application.  Using  a  mode  control  condition  dominates  the  nature  of  the  dispersion  relations  in 

scheme  currently  under  investigation, 1 1  for  example,  this  de-  Eqs.  (47)  and  (48),  changing  them  from  a  second-order  to  a 

vice  could  be  a  tunable,  high-frequency  microwave  tube  with  third-order  polynomial,  and  maximizing  the  growth  rate, 

low  magnetic  fields.  One  of  the  simple  ways  to  produce  a  the  bandwidth,  and  the  efficiency  of  the  cusptron  microwave 

rotating  £  layer  is  to  use  a  magnetic  cusp  field,  through  tubes. 

which  an  annular  electron  beam  becomes  a  rotating  electron  The  stability  analysis  of  the  negative-mass  instability  is 

layer.12  After  passing  through  a  cusped  magnetic  field,  a  carried  out  for  an  £  layer  with  radius  R0  propagating 

nonrelativistic  £  layer  propagates  through  a  conventional  through  a  magnetron-type  conductor  with  its  inner- and  out- 

magnetron-type  conducting  wall.  The  name  “cusptron”  ori-  ermost  radii  Ra  and  Rc ,  respectively.  Equilibrium  and  stabil- 

ginates  from  the  cusp  and  the  magnetron.  In  this  paper,  we  ity  properties  are  calculated  for  the  electron  distribution 

investigate  the  negative-mass  stability  properties  of  the  £  function  [Eq.(l)]  in  whichall  electrons  have  the  same  energy 

layer  in  a  magnetron-type  conductor,  in  connection  with  the  and  the  same  canonical  angular  momentum  but  a  Lorent- 

application  to  the  cusptron  microwave  tube.  zian  distribution  in  the  axial  canonical  momentum.  The  sta¬ 
in  recent  literature,13  Lau  and  Barnett  have  also  stud-  bility  analysis  is  calculated  within  the  framework  of  the  lin- 

ied  the  negative-mass  stability  properties  in  a  similar  phys-  earized  Vlasov-Maxwell  equations  for  an  infinitely  long  £ 

ical  configuration.  However,  their  analysis  has  been  restrict-  layer  propagating  parallel  to  an  applied  magnetic  field  B0kI 

ed  to  infinite  axial  wavelength  perturbations.  In  an  electron  with  an  axial  velocity  P,ci, .  We  assume  that  the  £  layer  is 

beam  propagating  through  any  oscillator  or  amplifier  with  thin  and  very  tenuous.  The  formal  dispersion  relation  [Eq. 

its  axial  velocity  ^ce,,  the  influence  of  the  finite  axial  wave-  (29)]  of  the  negative-mass  instability  is  obtained  in  Sec.  II, 

length  perturbation  on  the  stability  behavior  is  dominantly  including  the  important  influence  of  conducting  boundaries 

important  in  determining  the  necessary  physical  param-  on  the  mode  control  in  microwave  amplification  and  genera- 

eters,  to  optimize  the  gain,  the  bandwidth,  and  the  efficiency  tion. 

of  the  microwave  tubes.  For  example,  as  will  be  seen  in  Sec.  In  Sec.  Ill,  properties  of  the  vacuum  dispersion  relation 

IV,  in  an  optimized  cusptron  amplifier,  the  maximum  in  a  magnetron-type  conductor  are  investigated  without  in¬ 
growth  of  the  microwave  signal  occurs  at  a  nonzero  axial  eluding  the  influence  of  beam  electrons.  It  is  shown  that  the 

wavenumber  perturbation  (i.c.,fc  ^0).  Moreover,  the  infinite  vacuum  dispersion  relation  reduces  to  three  distinct  modes; 

axial  wavelength  perturbations  ( k  -  0)  do  not  grow  for  the  the  transverse  electric  (TE),  the  transverse  magnetic  (TM), 
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and  the  magnetron  TE  modes.  From  numerical  calculation, 
the  cutoff  frequency  a>ct  =  r\c/Ra  is  obtained  in  terms  of  the 
ratio  Rc/Ra.  In  Sec.  IV,  the  negative-mass  stability  proper¬ 
ties  of  an  E  layer  are  numerically  investigated.  Several  points 
are  noteworthy  from  the  numerical  calculation  for  a  nonre- 
lativistic  cusptron.  First,  optimum  coupling  occurs  between 
the  beam  and  the  fundamental  2v  modes.  It  is  shown  for  the 
fundamental  2tt  mode  that  for  typical  present  experimental 
beam  parameters,  gain  of  the  cusptron  normalized  by  the 
excitation  frequency  can  be  comparable  to  that  of  the  gyro- 
tron.  Second,  for  the  applied  magnetic  field  satisfying  the 
grazing  condition  of  the  l  =  X  perturbations,  other  azi¬ 
muthal  perturbations  with/  s^iVare  suppressed.  Here  /is  the 
azimuthal  harmonic  number  of  perturbations  and  X  is  the 
number  of  resonators  in  the  magnetron-type  conductor.  Un¬ 
der  this  grazing  condition,  the  /  =  X  mode  perturbation  is 
the  dominant  unstable  mode,  optimizing  the  microwave 
power  output  for  radiation  with  frequency  oi~/a>f .  There¬ 
fore,  even  for  relatively  low  magnetic  field,  a  high-frequency 
microwave  can  be  amplified  by  making  use  of  the  cusptron 
with  X>2.  Finally,  the  growth  rate  and  Doppler-shifted  real 
oscillation  frequency  are  substantially  increased  by  chang¬ 
ing  the  applied  field  index  from  zero  tc  a  small  positive  value. 
Preliminary  investigation  of  a  relativistic  cusptron  amplifier 
is  also  carried  out  in  Sec.  IV. 

II.  VLASOV-MAXWELL  THEORY 

As  illustrated  in  Fig.  1,  the  equilibrium  configuration 
consists  of  a  nonneutral  electron  layer  [E  layer)  that  is  infi¬ 
nite  in  axial  extent  and  aligned  parallel  to  an  applied  magnet¬ 
ic  field  /?„(rje..  The  electron  layer  is  accomplished  by  the 
passing  of  a  hollow  electron  beam  through  an  ideal  cusp 
magnetic  field. 12  Therefore,  the  electron  layer  is  in  a  fast 
rotational  equilibrium,  where  all  electrons  have  positive  ca¬ 
nonical  angular  momentum.  The  mean  radius  of  the  E  layer 
is  denoted  by  R0.  We  also  assume  that  the  radial  thickness  of 
the  E  layer  is  2a  which  is  much  less  than  the  equilibrium 
radius  R&  i.e.,  The  mean  motion  of  the  E  layer  is  in 


MAGNETRON-TYPE  CONDUCTOR 


FIG.  I.  Crim-vectional  view  of  cuvptron. 


the  azimuthal  direction,  and  the  applied  magnetic  field  pro¬ 
vides  radial  confinement  of  the  electrons.  As  show  n  in  Fig.  1, 
the  outer  conductor  is  a  magnetron-type  configuration  with 
its  inner-  and  outermost  radii  R ,  and  //,.,  respectively.  The 
angle  of  the  open  spaces  in  the  magnetron-type  conductor  is 
denoted  by  2a.  In  the  theoretical  analysis,  cylindrical  polar 
coordinates  (r,0.z |  are  employed.  In  the  present  analysis,  we 
assume  that  v/y<  1,  where  v  =  X„e'/nur  is  Budker's  pa¬ 
rameter  and  ymc:  is  the  electron  energy.  Here  Xh  is  the  total 
number  of  electrons  per  unit  axial  length,  and  —  e  and  m  are 
the  charge  and  rest  mass  of  electrons,  respectively.  Consis¬ 
tent  with  the  low-density  assumption,  we  neglect  the  influ¬ 
ence  of  equilibrium  self-fields. 

In  the  present  analysis,  we  investigate  the  equilibrium 
and  stability  properties  for  the  choice  of  equilibrium  distri¬ 
bution  function: 


io,Xhp.A  (Sly  —  y)S[Pt,  —  P„\ 
•i—'/nc2  (P.  -  p. ):  +  p:A  : 


ID 


where  H  —  ymc 1  —  [nrc*  +  czp')"z  is  the  total  energy.  P.  is 
the  axial  canonical  momentum,  P,,  =  r[p„  —  (e/ctT„(r)]  is 
the  canonical  angular  momentum,  oc  =  eB0{R())/ymc  is  the 
electron  cylotron  frequency,  ,T„(r|  is  the  azimuthal  compo¬ 
nent  of  the  equilibrium  vector  potential.  P(l  =  ( e / 
c)/?„/l, ,(/?„)  =  (c/2c)/?0’50(/?„l,  and  y,  p.,  and  A  are  con¬ 
stants. 

In  the  subsequent  stability  analysis,  wc  examine  the  lin¬ 
earized  Vlasov-Maxwell  equations  for  perturbations  about  a 
thin  £-layer  equilibrium  described  by  Eq.  (1).  To  calculate 
stability  quantities  of  the  E  layer,  we  adopt  a  normal-mode 
approach  in  which  all  £-layer  perturbations  are  assumed  to 
vary  with  time  and  space  according  to 


Si l’(x,l )  =  i/’,|r)exp [i(lO  +  kz  —  toi  I], 


where  Im  co  >  0.  Here,  at  is  the  complex  eigenfrequency,  k  is 
the  axial  wavenumber,  and  / is  the  azimuthal  harmonic  num¬ 
ber.  The  Maxwell  equations  for  the  perturbed  electric  and 
magnetic  field  amplitudes  can  be  expressed  as 

VxE(x)  =  /(ft»/c)B(x), 

VxB(x)  =  j4ir/c)J(x)  -  tWc)E(x),  (2) 

where  E(x)  and  B(x)  are  the  perturbed  electric  and  magnetic 
fields, 


j(x)=  -e  J  d'p\/h(x. p| 
is  the  perturbed  current  density. 


:(lV 


dr  exp(  -  itor I 

v'xBlx'l'i  d 


J  dp  '  ' 


(31 


(4I 


is  the  perturbed  distribution  function,  and  r  =  / '  —  t. 

From  Eq.  (2),  it  is  straightforward  to  show  that 

-  Bl;\r)  -  i  —  (p'E:„{r)  +  —  £„(/•)')  ^  -  —  7,„|r|,  (5) 

dr  u  \  r  /  c 

where 

pl  =  -  k  (6) 
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r;  V  i" 


Q  t 


h 


b  k 


B  I 


r  * 


For  the  present  purposes,  we  assume  that 
|/2  |  =  \a>  —  l(oc  -  fc&c|<a>f, 

(7) 

where  0,  =  pz/ymc  and  c  is  the  speed  of  light  in  vacuo.  The 
perturbed  axial  and  azimuthal  electric  fields  [E,„(r)  and 
£,.(/■)]  are  continuous  across  the  beam  boundaries  (r  =  R, 
and  r  =  R2).  Here  /?,  =  R0  —  a  and  R2  =  R0  +  a  are  the  in¬ 
ner  and  outer  boundaries  of  the  E  layer,  respectively.  More¬ 
over,  within  the  context  of  Eq.  (7),  it  is  valid  to  approximate 

Em  (R  i):^ Elfl(R0)cz. EM{R2), 

(8) 

E^R.f-EM^EJR,). 

Integrating  Eq.  (5)  from  r=R,— 8  to  r  =  R2 +  8  and  tak¬ 
ing  the  limit  8— >0+,  we  obtain 


B,AR  r )  -  B,AR  f )  =  -  —  P  drJJr), 

C  Jr, 


(9) 


where  i HR  * )  denotes  lim^.^  4\R,  ±  5).  Similarly,  the  dis¬ 
continuity  of  the  azimuthal  component  of  the  perturbed 
magnetic  field  is  given  by 


B,„(RA)-B,e(R 


1=  —  C  dr  Jh{r). 

C  Jr, 


(10) 


For  convenience  in  the  subsequent  analysis,  we  intro¬ 
duce  the  normalized  electric  and  magnetic  wave  admit¬ 
tances,  14  d  ±  and  b  ±  ,  defined  at  the  inner  and  outer  surfaces 
of  the  E  layer  by 

-  [rid/dr)E,Ar)]R^ 


d +  = 


and 


b_  = 


IE,AR,) 

{rid/dr)Eu\r))R- 

lE^RA 

-ib,ar2+) 

[r\d/dr\Bh(r)}Ri  ’ 

IB, ARE) 


(ID 


(12) 


[r\d/dr)Bu(r)]R, 

From  Eq.  (2),  it  is  straightforward  to  show  that 

S  *  c  {  -,'*■  Ik  ^  \ 

—■  B,Ar)  -  i  —  (p2Em(r)  +  —  E,Ar) ), 
dr  a  \  r  J 

B,o[r)  =  -  Bh(r)  +  ~  E,Ar)>  (13) 

p'r  cp-  dr 

outside  the  E  layer  and  the  radial  coordinate  r  satisfying 
r<,Ra .  Substituting  Eq.  (13)  into  Eqs.  (9)  and  (10)  and  making 
use  of  Eqs.  (11)  and  ( 1 2)  we  obtain 


(d_  +d  +  )Eh{RQ) 

.-/**  r 

OJ  Jr, 


drJ,u(r)  +  i 


..  4  p 
Oil  Jr, 


drJ,An, 


where  use  has  been  made  of  Eq.  (8).  Evidently,  an  evaluation 
of  the  azimuthal  and  axial  components  of  the  perturbed  cur¬ 
rent  density  ( J,e  and  J,.)  is  required  for  a  detailed  stability 
analysis. 

A.  Perturbed  current  density 

In  this  section,  we  evaluate  the  perturbed  distribution 
function  and  subsequently  the  perturbed  current  density.  As 
indicated  in  Eq.  (4),  the  particle  trajectories,  r'(r),  6  '(r),  and 
z'(r),  in  the  equilibrium  fields  are  required  in  order  to  evalu¬ 
ate  the  perturbed  distribution  function.  The  applied  axial 
magnetic  field  i?0(r)e.  >s  approximated  by 

50(r)  =  50(/J0)(l-np//?0),  (15) 

where  p  =  r  —  R0  and 


n  = - 

BJRJ  \dr  )r„ 


(16) 


is  the  magnetic  field  index.  Therefore,  the  azimuthal  compo¬ 
nent  of  the  vector  potential  is  expressed  as 

rA„(r)  =  R,yiAR„)  +  BAR o)  \Rdrr{X  ~  ~)  ( 1 7) 

Making  use  of  the  Hamiltonian  H  =  ymc2 
=  (mV  4-  c2p2)l/2,  the  canonical  angular  momentum 
Pg  =r[pg  —  (e/c]AAr)],  and  Eq.  (17),  we  obtain  the  electron 
trajectories15 

p‘  =  r'  -  R0  -  (oc8P0/yco2R0  +  Ar  sin(wrr  +  4> ), 
z'=z+pzr/ym,  (18) 

B '  =  coc  -p  (SPg/ymR  l )  +  [o)e  /R0)  p, 
where 

=  (»?/»?) -(1  /fg),  (19) 

col={\  -  n)co]  (20) 

is  the  radial  betatron  frequency  squared  of  electrons, 
ye  =  (1  is  the  relativistic  mass  ratio  associated 

with  the  azimuthal  electron  velocity  Pec,  Ar  is  the  ampli¬ 
tude  for  radial  betatron  oscillations,  5P0  —  P*-Pa.  and 
r=t'  —  t.  Within  the  context  ofEq.  (7),  it  is  valid  to  approxi¬ 
mate 

&'  =cvc  - p(8Pg/ymRl),  (21) 

and  to  neglect  the  small  oscillatory  term  ocp'/R0. 

After  a  simple  algebraic  manipulation  that  makes  use  of 
Eq.  (7),  the  perturbed  distribution  function  in  Eq.  (4)  is  ap¬ 
proximated  by  14’15 


M  +  klE,AR,J] 

K 

[ 

> 

f 

1 

IV „  \  ~ 

-  ~  -  ft 

d 

r*>  . 

■J^  drJni(r), 

+ 

[—  E,„(R„)  +  ^ 

1-  £,„(/?„) 
WA((/ 

ar/'Y 

(22) 

;• 

(14) 
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/=  r  dr  t\p\i[l{6'  —  0)  +  k(z'  —  z)  —  (ot]\ 

=  i/cj  -lmc-  +  Ip.  J*)  ,  (23) 

V  ym  ymR  l ) 

and  use  has  been  made  of  Eq.  (8).  Substituting  Eq.  (23)  into 
Eq.  (22)  and  carrying  out  a  tedious  but  straightforward  alge¬ 
bra,  we  obtain  the  perturbed  distribution  function 

/  -j  ec  l2H~k2R  o 

6  ymR  la)  (o)  —  l<oc  -  kV:f 

X  [PeEM+02EM].  (24) 

Subsequently,  integrals  of  the  perturbed  current  density  in 
the  left-hand  side  of  Eq.  (14)  are  given  by 


drJl0(r) 


Pe  C*2  ,  %  . 

=  T*  drJ,A 

Pz  Jk, 


=  -  i!~~  [PeEJR o)  +  &£*(*»)].  (25) 

2  mo 

where  the  effective  susceptibility  cr  is  defined  by 
_  v  r 

a\o),k )  =  - - - s - —  , 

Y  R&  \<o-lo)c-  kpx  +  i\k  \P.cyA  /yj)2 

(26) 

and  v  =  Nhe2/mc 2  is  Budker’s  parameter. 

Substituting  Eq.  (25)  into  Eq.  ( 14),  we  obtain  the  matrix 
equation  relating  E,e[R0)  and  Eu(Rn).  The  condition  for  a 
nontrivial  solution  to  this  matrix  equation  is  that  the  deter- 
minent  of  the  matrix  vanishes.  This  gives  the  general  disper¬ 
sion  relation 

*  ,27, 

lp~cl  V  b_  4-  b+  d_  +  d+  / 

where  use  has  been  made  of  the  approximation 
<u~/<wc  -f  kPzc,  which  is  consistent  with  Eq.  (7).  Defining 
the  geometric  factor  r  ( cu,k ), 

2  v  b ^  -f  b+  u_  -f-  d +  J 
and  substituting  Eq.  (26)  into  Eq.  (27),  the  dispersion  relation 
in  Eq.  (27)  is  expressed  as 

fl  v  c2  l2fi-k2R2 

1  \0),K  )  “  • —  t* - — - -  —  -  -  -  —  —  , 

y  Rl  (<u  -  l<oc  -  k0,c  +  i\k  \P,cyA  /y])2 

(29) 

which  can  be  used  to  determine  the  complex  eigenfrequency 
fl  —  a)  —  la)c  —  kPtc  in  terms  of  various  physical  param¬ 
eters. 

B.  Geometric  factor  r\o),k) 

The  evaluation  of  the  wave  admittances  at  the  boundar¬ 
ies  of  the  E  layer  is  required  in  order  to  complete  the  disper¬ 
sion  relation.  To  make  the  theoretical  analysis  tractable,  in 
the  subsequent  analysis,  we  concentrate  the  lowest  modes  of 
the  electromagnetic  waves  inside  the  resonator  where 
Ru  <r<Rc.  Moreover,  the  previous  studies1'’ 17  have  exhib¬ 
ited  that  the  lowest  modes  in  the  resonator  dominate  the 
wave  interaction.  In  this  regard,  for  the  transverse  magnetic 


(TM)  mode,  we  select  (see  the  Appendix) 

£2(r)  =  0,  Ra<,r<,Rl.,  (30. 

which  is  the  lowest  mode  properly  satisfying  all  the  neces¬ 
sary  boundary  conditions.  The  Maxwell  equations  of  the 
TM  mode  in  the  region  0 <r<Ra  can  be  expressed  as 


except  the  inside  of  the  E  layer  (i.e.,  /?,  <r<R2).  Here 
p 2  =  o)2/c2  —  k  'is  defined  in  Eq.  (6).  The  physically  accepta¬ 
ble  solutions  to  Eq.  (31)  are  given  by 

AJ,(  pr),  0 </•<£„ 

E,z(r)  =  d  { 1 1  ,  ■TAv)N,\pr)\  n  _  „  (32, 

B\J,{pr) - — — -  ,  R2<r<Ra, 

V  A rAv\  ) 

where  J,{x)  and  A7,)*)  are  Bessel  functions  of  the  first  and 
second  kind,  respectively,  the  parameter  17  is  defined  by 

rj2  =  (co2/c2  -  k  2)R  *,  (33) 

and  A  and  B  are  constants.  Substituting  Eq.  (32)  into  Eq.  (11) 
and  carrying  out  a  straightforward  algebra  with  wc 

obtain  a  sum  of  the  electric  wave  admittance: 


u  _  ■+■  d  .  - ,  134} 

y,(i  )f7,(bnA-;(v)-y,(i/)A’,(/)] 

where  £  =  rjR^Rj. 

Similarly,  for  the  transverse  electric  (TE)  mode,  the  sum 
of  the  magnetic  wave  admittances  is  expressed  as  (see  the 
Appendix) 

,  .  ,  2lGMk)/ir£2j;(£) 


+h+  = 


j;{£)  +  G,{co,klN;i£) 


G,[o),k  )  =  -  J;(T))D  (o)M  )/;V;(7 )F(o,k  ),  (36) 

D{a),k)=  f 

.  j;\v\  V  ja  J 

_ HL  ^(,(7)Af|(c  )  —  J ,(C  )A'„(?/)  7 

Na 

is  the  vacuum  dispersion  function, 

F(o,k)  =  D(a),k)-  ( 

(38) 

the  integer  j  in  Eq.  (37)  is  defined  by 

j  —  s+  mN,  (39) 

A7  is  the  number  of  resonators,  a  is  the  half-angle  of  the  open 
spaces  a::  .hown  in  rig.  1,  s  is  an  integer  sjtistying 
0 <soV  —  1,  the  prime(')  denotes  (d /dx)J,{x),  and,  finally, 
the  parameter  £  is  defined  by 

; 2  =  ifR  2/R  •  =  («7 C-  -  k  2)R  l.  (40) 

Fot  detailed  information  in  deriving  Eq.  (35),  we  urge  the 
reader  to  read  the  Appendix.  Substituting  Eqs.  (341  and  (35) 
into  Eq.  (28)  completes  the  dispersion  relation  of  the  cusp- 
tron  microwave  tube. 


491 


Phys.  Fluids,  Vol.  27,  No.  2,  February  1984 


Uhm.  Kim,  and  Namkung 


491 


til.  VACUUM  DISPERSION  RELATION 

In  the  absence  of  the  beam  [v— -0  in  Eq.  (29)],  the  disper¬ 
sion  relation  in  Eq.  (27)  reduces  to  the  TM  dispersion  rela¬ 
tion 

J,(tj)  =  0,  (41) 

and  to  the  TE  dispersion  relation 

G,(aj,k  )  =  0,  (42) 

where  use  has  been  made  of  Eqs.  (28),  (34),  and  (35).  The  TM 
dispersion  relation  is  equivalently  expressed  as 

oj2/cz-k2=Pl/Rt.  (43) 

where /?,„  is  the  nth  root  of  /,(/?,„ )  =  0.  Similarly,  it  is  shown 
from  Eq.  (361  that  the  TE  dispersion  relation  can  be  equiv¬ 
alently  expressed  as  the  ordinary  TE  mode, 

co-/c'-  -  k2  =  a)H/R\,  (44) 

and  the  magnetron  TE  mode, 

D\<o,k)=  f 

m=  —  X  j j[Tj)  '  y®  / 

_ n-  )  —  J,{£ )iV„| /;!  _Q 

Net  /,(£  )^V,(77)  —  y,(*7)Ar,(fe  ) 

where  a,„  is  the  nth  root  of  =  0.  In  Eq.  (45),  A  is  the 

number  of  resonators,  a  is  the  half-angle  of  the  open  space  in 
the  resonator,  the  integer  j  in  Eq.  (45)  is  defined  by 
j  =  s  +  mN,s  —  0, 1,2, ,  j V—  1,  and  the  parameters  tj  and 
£  are  defined  by  j f  =  £2R2a/R]  =  p2R  \  =  ( af/c 2  —  k2)R] 
in  Eq.  (33). 

In  the  remainder  of  this  section,  we  investigate  proper¬ 
ties  of  the  magnetron  TE  mode  in  Eq.  (45)  which  relate  the 
parameter  tj  to  the  parameter  In  other  words,  the  value  of 
the  parameter  r/  is  evaluated  in  terms  ofRc/Ra  =  £  /tj.  Once 
we  determine  the  value  of  the  parameter  tj,  the  dispersion 
curve  in  («,k)  parameter  space  is  obtained  from  the  relation 

a2/c1-k2=rj2/R\.  (46) 

Shown  in  Fig.  2  are  plots  of  the  parameters  tj  (solid  curves) 
and  f  (dashed  curves)  versus  the  radius  ratio  Rc/Ra  for 


Ol _ _ _ i _ _ _ _ 

1  2  3  4  5  6 


R  R 

C  ■> 

HO.  2. 1’livts  of  the  parameter*  >/  (solid  curvcsl  and  C  (dashed  curve'll  versus 
(he  ratio  R,/R,  (obtained  from  l-q.  |45|]  for  iV  --  b.  t  =  0.  a  rr/12,  and 
(he  three  lowest  radial  inodes. 


FIG.  3.  Plots  of  the  parameter  rj  versus  the  ratio  R  /  R ,  obtained  from  Eq. 
(45lfors  =  0,  a  —  -r/i.V,  tit  lowest  radial  mode  number,  and  several  values 
of  ,V. 

N  =  6,  s  =  0,  a  —  it/  12,  and  the  three  lowest  radial  modes. 
Several  points  are  noteworthy  in  Fig.  2.  First,  as  expected, 
the  value  of  the  parameter  t\  decreases  monotonically  as  the 
ratio  R,  /R  ,  increases.  However,  the  value  of  the  parameter 
f  stays  relatively  steady.  Second. we  note  that  the  values  of 
parameters  tj  and  C  at  Rc/Ra  =  1  are  given  by 
tj  =  £  =  =  3.83  for  the  lowest  radial  mode  (the  funda¬ 

mental  2-  mode),  a„,  =  7.02  for  the  second  and  aM  =  7.50 
for  the  third  mode.  Finally,  it  is  shown  for  the  third  radial 
mode  that  the  value  of  the  parameter  tj  has  a  plateau  for 
\.2<RC/Ra  <  1.4. 

In  Fig.  3  we  show  plots  of  the  parameter  t)  versus  ratio 
Rc/Ra  fors  =  0,  a  ~  n/2 N,  the  lowest  radial  mode  number, 
and  several  values  of  N.  Remarkably,  the  value  of  the  param¬ 
eter  tj  is  relatively  independent  of  the  number  ,V  for  ;Y>  3  and 
for  the  lowest  radial  mode  number.  On  the  other  hand,  for 
N  =  2  and  Rc/R„  =  1,  the  parameter  tj  is  given  by 
rj  =  £  =  as,  =  3.05.  Dependence  of  the  parameter  tj  on  the 
integer  s  is  presented  in  Fig.  4  where  the  parameter  tj  is  plot¬ 
ted  versus  the  ratio  Rc/Ra  for  N  =  6,  a  —  rr/12,  the  lowest 
radial  mode  number,  and  different  values  of s.  After  a  careful 
examination  of  Eq.  (45),  we  note  that  the  dispersion  relation 
for*  =  1  is  identical  to  that  for  j  =*  N—  1,  and  soon.  In  this 
regard,  plots  in  Fig.  4  are  presented  only  for  the  integer  s 
satisfying  0<s<,N /2.  Obviously  from  Fig.  4,  we  conclude 
that  the  parameter  rj  depends  sensitively  on  the  integers.  For 
Re/Ra  —  1,  the  value  of  the  parameter  rj  is  given  by  tj  =  a,, 
for  each  s.  Of  course,  the  vacuum  dispersion  relation  in  Eq. 
(45)  is  also  investigated  for  different  values  of  the  half-angle 
a.  Shown  in  Fig.  5  are  plots  of  the  parameter  tj  versus  the 
ratio  Rc/Ra  for  N  =  8,  s  =  0,  lowest  radial  mode  number, 
and  several  values  of  a.  The  parameter  tj  reduces  with  in¬ 
creasing  value  of  the  half-angle  a  for  the  range  1  <RC/RJ 
<  1.4,  which  is  a  typical  parameter  range  of  present  experi¬ 
ments. 

IV.  NEGATIVE-MASS  INSTABILITY  IN  MAGNETRON- 
TYPE  CONDUCTOR 

In  this  section,  we  investigate  stability  properties  of  the 
negative-mass  instability  in  an  E  layer  propagating  through 
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FIG  4  Plots  of  the  parameter  r)  versus  the  ratio  R,/R,  obtained  from  Eq. 
43)  for  .V  =  ft,  or  =  n-/ 12.  the  lowest  radial  mode  number,  and  different  val¬ 
ues  of  s. 


a  magnetron-type  conductor,  by  making  use  of  the  disper¬ 
sion  relation  in  Eq.  (29).  The  growth  rate  and  bandwidth  of 
the  negative-mass  instability  are  directly  related  to  the  gain 
and  bandwidth  of  the  cusptron  amplifier  or  oscillator.  Mak¬ 
ing  use  of  the  fact  that  the  "Doppler-shifted"  eigenfrequency 
f!  in  Eq.  (7)  is  well  removed  from  the  electron  cyclotron 
resonance  (i.e.,  |  fl  \  <ojc ),  and  evaluating  the  function  r  (u>,k  ) 
at  k  =  kb  =  (zj  —  lioc)/Pzc  for  the  amplifier  and  at 
cj  =  ojh  —  lojc  -+-  kp.c  for  the  oscillator,  the  dispersion  rela¬ 
tion  in  Eq.  (29)  can  be  approximated  by 


vc~ 


o’ 

for  the  amplifier,  and 


r[<°h'k )+  Mr  rl "  ]  (" + ‘[k'^rA) 


vc 


2W 


-r-H-k2Rl), 


(47) 


(48) 


for  the  oscillator.  In  the  remainder  of  this  section,  the  growth 


rate/2,  =  Im  12  and  the  Doppler-shifted  real  oscillation  fre¬ 
quency/2,  =  Re/2  are  numerically  calculated  from  Eq.  i47l 
for  the  amplifier  and  from  Eq.  |48|  for  the  oscillator.  Nu¬ 
merical  calculation  is  carried  out  for  the  nonrelatmstic  elec¬ 
tron  beam  parameters  v  =  0.002,  J  =  0.04.  p„  =  0.4.  and 
P:  =  0.2  corresponding  to  y-  1.118.  For  a  relativistic 
beam.  P0  =  0.96  and  P.  =  0.2  correspond  to  y  —  5.1. 

To  the  lowest  order,  the  eigenfrequency  u  and  axial 
wavenumber  k  are  obtained  from  the  simultaneous  solution 
of  the  vacuum  waveguide  mode  dispersion  relation. 

co'~/cz  —  k  2  —  tj  '-/R  ", ,  (49 1 

and  the  condition  for  cylotron  resonance 


w~/<y,  4-  kfi.c. 


(50) 


Moreover,  to  maximize  the  growth  rate  and  efficiency  of 
microwave  generation  and  amplification,  it  is  required  'hat 
the  group  velocity  of  the  vacuum  waveguide  mode  in  Eq.  (49) 
be  approximately  equal  to  the  beam  velocity,  i.e.. 


do> 

~dk 


a ) 


151) 


Solving  Eqs.  ( 50)  and  ( 5 1 1  for  the  characteristic  frequency 
and  axial  wavenumber  (v.k  )  =  |o>„,A:0),  we  find  (Fig.  0) 

oj„  =  klt  =  /ar/3.  )j/c.  (52) 


For  maximum  growth,  it  is  also  required  that  (w„.A„)  solve 
Eq.  (49)  in  leading  order.  Therefore,  for  maximum  efficiency, 
we  find  that  R J  should  satisfy 


Ru  =  ijc/lai,  y. . 


(53) 


Under  the  grazing  condition  in  Eq.  (53).  the  cyclotron  reso¬ 
nance  mode  in  Eq.  ( 50)  is  a  tangential  line  of  the  vacuum 
waveguide  mode  in  Eq.  (49),  as  shown  in  Fig.  6.  Noting 
Po  =  Rrfoc/c.  it  is  found  from  Eq.  (53)  that  the  beam  radius  is 
determined  from 

=P0c/R„o)c  =iP„y1/ij,  (54) 

and  that  the  parameter  i]  should  satisfy  the  inequality 

i l/lr,>P*.  (55) 

for  a  physically  acceptable  cusptron  microwave  tube. 


1  "  3  5 


R  R 

t  .1 

FIO.  5.  Plots  of  the  parameter  tf  versus  the  ratio  /?,  /R,  obtained  from  Eq. 
|45|  for  .V  -■  K,  ,r  -  0,  the  lowest  radial  mode  number,  and  several  values  of 

//. 


y  ’  ^ 

/ 


FIG  6  Ihc  Mr.nchi  lnu-s  w  ■  i/t  c  (■  /,.,  ami  <j  kc/(1.  intrixcct  at 
l< '„.A„|  (/<■•  ,)'./<» .//,}' /el.  The  vacuum  waveguide  tmslc 
n  —  tk  c"  *■  r/f/ft'l1  *  paws  Ihri'uch  (,a„.4„i  provided  R,u,  ,  <  ’lily, 
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A.  Nonrelativistic  cusptron  amplifier 

In  this  section,  we  summarize  results  of  numerical  cal¬ 
culation  from  Eq.  (47)  for  the  amplifier  in  a  nonrelativistic 
electron  beam  (/?„  =  0.4)  propagating  through  a  uniform  ap¬ 
plied  magnetic  field  with  the  field  index  n  —  0.  Shown  in  Fig. 
7  is  a  plot  of  the  geometric  factor  f  ( u),kh )  versus  the  normal¬ 
ized  frequency  co/io ,.  in  Eq.  128)  for  ,V  =  6,  /  =  6.  s  =  0, 
a  =  tt/12,  Rr/R„  —  1.4,  and  R  ,u>c/c  =  0.4433  correspond¬ 
ing  to  the  grazing  condition  in  Eq.  (53)  for  the  parameter 
77  =  2.715  in  Fig.  2.  Here  the  axial  wavenumber  k  is  substi¬ 
tuted  for  by  A.\  =  (co  —  lu>r  )/0.c  consistent  with  the  disper¬ 
sion  relation  in  Eq.  (47)  for  amplifiers.  As  expected  from  the 
condition  Rao}../c  =  0.4433,  the  curve  of  the  geometric  fac¬ 
tor  r  grazes  the  horizontal  line.  Values  of  the  geometric 
factor  r  are  very  close  to  zero  in  a  considerable  range  ti.e.. 
6 <co/coc  <6.5  in  Fig.  7)  of  o  .pace,  thereby  exhibiting  the 
possibility  of  a  broad  unstable  frequency  range. 

Figure  8  shows  plots  of  la)  normalized  growth  rate 
and  lb)  Doppler-shifted  real  frequency  il./co,.  vs 
tj/'u,  obtained  from  Eq.  (47)  for  the  electron  beam  param¬ 
eters  v  =  0.002,  J  =0.04./?,,  =0.4,/7.  =  0.2,  the  field  index 
n  =  0,  and  the  grazing  conditions  (i.e.,  R.,toe/c  —  0.4433  for 
RJR,  =  1.4.  0.493  for  Rc/R„  =  1.3,  0.5453  for  /?,  //?, 
=  1.2,  0.5905  for  /?,.//?„  =  1.1,  and  0.6257  for  R,/R„  =  1) 
corresponding  to  the  fundamental  2n-mode,  and  parameters 
otherwise  identical  to  Fig.  7.  For  each  value  of/?,  //?„,  the 
growth  rate  curve  consists  of  two  parts;  a  solid  line  corre¬ 
sponding  to  a  relatively  large  Doppler-shifted  real  frequency 
and  a  dashed  line  corresponding  to  a  very  small  Doppler- 
shifted  real  frequency  [Figs.  8(a)  and  |b)].  The  efficiency  of  a 
microwave  tube  is  directly  proportional  to  the  Doppler- 
shifted  real  frequency. In  this  regard,  even  though  instabil¬ 
ity  of  the  dashed  curve  exhibits  a  large  growth  rate,  there  is 
no  significant  amplification  in  this  frequency  range  corre¬ 
sponding  to  a  small  Doppler-shifted  real  frequency.  Obvi¬ 
ously  from  Fig.  8(a),  the  amplification  growth  rate  [solid 
curve  in  Fig.  8(a)]  reduces  as  Rc/Ra  approaches  to  unity.  In 
particular,  for  R,./Ra  =  1,  the  amplification  growth  rate 
vanishes,  thereby  smoothly  connecting  two  dashed  curves  in 
Fig.  8(a).  In  this  case  {Rc/Ra  =  1),  the  Doppler-shifted  real 


Flti  7. 1’li  it  of  the  geometric  factor  versus  the  norm.iit/rtl  frct|ucn- 

cy  ot/f  i,  in  I  <|  l2X)  lor  .V  _•  n,  /  #>.  r  -  ().  <r  -•  ir/\2.  K,  / K ,  \  4.  ,iml 
R  jjt/c  -s  0.44  V*  corrcspondine  to  the  pra/mp  cnmliltim  for/J.  0  2. 


frequency  is  less  than  0.003,  We  also  note  from  Fig. 

8(a)  that  the  maximum  growth  rate  of  the  cusptron  normal¬ 
ized  by  the  excitation  frequency  is  comparable  to  that  for  the 
conventional  gyrotron  amplifier  [curve  for  R  ,  R .  =  1.4 
Fig.  8(a)].  Also  the  Doppler-shifted  real  frequency  for 
R,  /Rj  =  1.4  in  Fig.  8lbl  exhibits  a  strong  possibility  of  very 
high  efficiency  in  microwave  amplification. 

Numerical  investigation  of  Eq.  (47 1  has  been  also  car¬ 
ried  out  for  a  broad  range  of  physical  parameters  s,  /,  a.  and 
.V  and  various  radial  mode  numbers.  From  this  numenea! 
calculation,  we  make  several  conclusions,  f  irst,  under  the 
grazing  condition  R  =  t/c/.Vci  y.  corresponding  to  /  —  .V. 
there  is  no  amplification  growth  rate  of  instability  for  pertur¬ 
bations  with  /  .V  azimuthal  harmonic  number.  Second,  op¬ 
timizing  the  value  of  the  parameter/?  to  /c  according  to  Eq 
(53).  the  /  * .V  perturbations  also  have  a  substantial  amount 
of  the  amplification  growth  rate  with  relatively  large 
Doppler-shifted  real  frequency.  However,  comparing  with 
Fig.  8,  we  conclude  that  the  amplilication  growth  rate  of  the 
/  =  .V  perturbation  is  the  largest  and  the  most  effective 
means  of  microwave  amplification.  Third,  after  optimizing 
the  parameter  /?  ,u  /c  according  to  Eq.  i:3,  the  s  =  0  per¬ 
turbation  is  the  best  for  microwave  amplification.  Fourth,  n 
is  found  that  the  lowest  radial  mode  perturbation  is  the 

la i  i  0  002.  _  0  oa 


CO  '  CO 


I  K i  S  riotsofi.il  the  normalized  prowth  rate //,/«*  and  iblthe  Doppler- 
shifted  real  oscillation  frequency  Si.  t  *  \s  *  >/v>  obtained  front  Lq  |47|  for 
electron  beam  parameters  v  0  002.  A  -004,  /V,  .:0  4.  and  /f.  -0  2, 
field  tilde*  n  -  0.  the  pra/tm:  conditions  corrcspondmp  to  Fq.  t5.K.  and  pa¬ 
rameters  otherwise  identical  to  l  ip  7. 
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dominant  unstable  node.  Fifth,  we  also  found  from  the  nu¬ 
merical  calculation  that  after  optimizing  R^o^/c,  the 
growth  rate  and  Doppler-shifted  real  frequency  are  almost 
independent  of  a  in  the  range  ir/AN  <a  <  it /IS  for  5  =  0, 
/  =  ,V,  and  the  lowest  radial  mode  number.  However,  in¬ 
creasing  a  from  ,t/2.V  to  tt/N  reduces  drastically  the  growth 
rate  and  Doppler-shifted  real  frequency.  Finally,  stability 
properties  have  been  investigated  also  for  .V  =  4  and  param¬ 
eters  otherwise  identical  to  Fig.  8.  It  has  been  shown  from 
numerical  calculation  that  the  maximum  growth  rate  and 
Doppler-shifted  real  frequency  of  .V  =  4  are  comparable  to 
those  of  .V  =  6  case.  However,  the  optimum  value  of  the 
growth  rate  and  real  frequency  occurs  at  R,/R ,  =  1.8  and 
R  ,u/c  —  0.44^4.  After  consideration  of  all  of  these  proper¬ 
ties.  we  conclude  for  the  nonrelativistic  electron  beam  with 
/?„  =  0.4  that  the  optimum  physical  parameters  for  micro- 
wave  amplification  are  .V  =  6.  I  =  o,  5  =  0,  a  = -/ 1_. 
R,  /RJ  =  1.4.  and  R.,ajc  =  0.4433. 

B.  Effect  of  nonzero  field  index 

As  shown  in  Eqs.  (47)  and  i48l,  the  coupling  coefficient 
is  directly  proportional  to  the  parameter 


FIG.  ‘V  Plots  of  la)  the  normalized  growth  rale  Si, /of,  and  ihi  the  Doppler* 
shifted  real  oscillation  frequency  Si. /a),  \sr*/ta,  obtained  from  Kq.  |47i  for 
H  /R„  1.4,  R  ,uf  /c  -  0.4443,  several  ditTercnt  values  oft  he  field  index  «, 

and  parameters  otherwise  identical  to  Fig.  8. 


H  =  — - -  =0i  +  — —  .  156) 

1  - "  n  i  - « 

where  n  is  the  field  index  defined  in  Eq.  (16).  Evidently  from 
Eq.  (561,  for  a  nonrelativistic  beam  with/?:,<l,  a  small  in¬ 
crease  of  the  field  index  from  zero  makes  a  big  difference  in 
the  coupling  coefficient,  thereby  enhancing  the  gain  and  effi¬ 
ciency  of  the  microwave  amplification.  Shown  in  Fig.  9  are 
plots  of  (a)  the  normalized  growth  rate  ll,/tae  and  ib|  the 
Doppler-shifted  real  oscillation  frequency  obtained 

from  Eq.  147)  for  R./R.  =  1.4,  R^ajc  =  0.4433.  several 
different  values  of  the  field  index  n,  and  parameters  other¬ 
wise  identical  to  Fig.  8.  Obviously,  the  growth  rate  and  real 
frequency  increase  substantially  by  increasing  the  field  index 
from  zero  to  a  small  positive  value.  However,  since  the  ap¬ 
plied  magnetic  field  is  no  longer  uniform  along  the  axial  di- 
n  etion  for  a  nonzero  field  index,  tapering  of  the  conducting 
wall  radius  R ,  is  requtred  in  order  to  match  the  grazing 
condition  in  Eq.  (53)  le.g.,  R^io./c  =  0.4433  in  Fig.  91. 

C.  Nonrelativistic  cusptron  oscillator 

The  growth  rate  and  Doppler-shifted  real  oscillation 
frequency  are  numerically  obtained  from  Eq.  (48)  for  the 
oscillations  in  a  nonrelativistic  electron  beam.  In  Fig.  10  we 
show  plots  of  la)  the  normalized  growth  rate  and  (b)  the 
Doppler-shifted  real  frequency  versus  the  normalized  axial 
wavenumber  kc/to,.  obtained  from  Eq.  (48)  for  the  param¬ 
eters  identical  to  Fig.  8.  The  normalized  lowest-order  eigen- 
frequency  o)h/ioc  =  /  +  kfi.c/a >,  is  also  shown  in  the  hori¬ 
zontal  scale  in  Fig.  10.  Comparing  Fig.  10(a)  with  Fig.  8(a), 
we  note  that  the  unstable  range  in  frequency  space  for  the 
oscillation  is  broader  than  that  for  the  amplifier.  Perturba¬ 
tions  in  the  amplifier  are  unstable  only  for  the  positive  k 
space.  Moreover,  the  real  frequency  in  the  oscillator  is  con¬ 
siderably  different  from  that  in  the  amplifier  [Figs.  8(b)  and 
10(b)], 

D.  Relativistic  cusptron  amplifier 

Preliminary  investigation  of  Eq.  (47)  has  been  carried 
out  for  the  amplifiers  in  a  relativistic  electron  beam  with  0„ 
=  0.96  and/?.  =  0.2.  Afteracareful  examination  of  Eq.  (55) 
and  Fig.  2,  we  note  for  the  relativistic  electron  beam  (/?„—►!) 
that  the  first  available  coupling  occurs  at  the  third-lowest 
radial  mode  number  where  the  parameter  t\  is  larger  than  S 
fora  reasonable  range  of  Rc/Ra.  Figure  1 1  shews  plots  of  (a) 
the  normalized  growth  ratc/2,/wr  and  |b|  the  Doppler-shift¬ 
ed  real  frequency  Sir/(oc  vs  to/cj,.  for/?,,  =  0.96,  the  grazing 
conditions  {R,<jc/c  =  1.1101  for  Rc/Ra  =  1.5,  1.1679  for 
R,/Rj  =  1.25,  and  1.2249  for  R,  /Ra  =  1),  and  parameters 
otherwise  identical  to  Fig.  8.  Contrary  to  nonrelativistic 
cusptron  amplifiers  (in  Fig.  8).  the  growth  rate  and  band¬ 
width  of  instability  in  Fig.  1 1  increase  drastically  as  R  /R  , 
approaches  unity.  However,  for  R./R.,  —  1.5  and  R  <  >,  /c 
=  1.1 101,  the  Doppler-shifted  real  frequency  of  perturba¬ 
tions  with  the  /  *.V azimuthal  mode  number  vanishes,  w  Idle 
the  /  =  .V  perturbation  has  considerably  large  Doppler-shift¬ 
ed  real  frequency.  In  this  regard,  by  selecting  Rr/R.  ■  15 
and  R.,<>,  /c  =  1 .  1 101 .  microwaves  with  /  =  .V  mode  pertur¬ 
bations  arc  dominantly  amplified,  thereby  optimizing  the 
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FIG.  10.  Plots  of  (a|  the  normalized  growth  rate  fl./to,  and  (b)  the  Doppler- 
shifted  real  frequency  Jl,/<ar  versus  the  normalized  atual  wavenumber 
kc/to,  obtained  from  Eq.  (48)  for  parameters  identical  to  Fig.  8. 


microwave  power  output  for  radiation  with  frequency 
On  the  other  hand,  for  Rc/Ra  =  1,  various  other 
modes  compete  with  the  /  =  /V mode,  leading  to  multimode 
amplification.  Therefore,  even  though  the  growth  rale  for 
Rc/R„  =  1.5  is  less  than  that  for  Rc/Ra  =  l,  the  geometric 
configuration  with  Rr/Ra  =  1.5  is  more  effective  to  amplify 
microwaves.  Numerical  investigation  of  Eq.  (47)  for  X  =  12 
and  iV  =  24  also  exhibits  very  similar  properties. 

After  a  careful  examination  of  the  geometric  factor 
r  {<o,k  )  for  a  broad  range  of  various  physical  parameters,  it 
can  be  found  that 


r  0. 


for  particular  values  of  R,u>,/c  and  frequency  a.  In  this  case, 
in  order  to  correctly  evaluate  the  gain  of  the  cusptron,  we 
approximate  Eq.  (29)  by 


(  \kh  P  cyA  V 

xr+'  ?,  )  - 


v<r 


(/:/i  -  k  lR )  . 

(58) 


Of  course,  the  dispersion  relation  in  Eq.  (47)  is  used  to  obtain 
the  gain  for  a  broad  range  of  physical  parameters  except  co 
satisfying  Eq.  (571.  Obviously,  Eq.  |47)  fails  to  estimate  the 
gain  for  this  frequency  ranee.  We  therefore  make  use  of  Eq. 
(58)  to  obtain  the  gain  at  the  frequency  satisfying  Eq.  1 57).  We 
also  emphasize  the  reader  that  the  gain  of  the  cusptron  am¬ 
plifier  at  the  frequency  co  corresponding  to  Eq.  (57)  is  signifi¬ 
cantly  greater  than  that  at  other  frequencies. 

In  order  to  illustrate  a  high-gain  cusptron  amplifica¬ 
tion,  shown  in  Fig.  12  Ire  plots  of  the  normalized  growth 
rate  vs  a>/ioc  obtained  from  Eqs.  (47)  and  (581  for  /ir( 
=  0.96, .V  =  24. /  =  25. R../R,,  =  1.1  ,Rnu>  /c=  1.069. and 
parameters  otherwise  identical  to  Fig.  8.  The  dashed  curves 
in  Fig.  12  are  plots  of  the  gain  obtained  from  Eq.  (47)  in  the 
frequency  range  satisfying  Eq.  (571.  Obviously,  Eq.  (47)  fails 
in  this  frequency  range.  However,  Eq.  |5Sl  correctly  evalu¬ 
ates  the  growth  rate  in  this  region.  As  expected,  the  maxi¬ 
mum  gain  in  Fig.  12  is  considerably  enhanced  in  comparison 
with  that  of  an  ordinary  cusptron  amplifier  (Figs.  S  and  1 1). 


la)  v  -  0  002.  A  -  0  04. 

p’„  =  0  96.  a,  0.2 


0  .  .  .  .  .  ... _  _ 

I’  0  4  (3  8 


FIG  II  I’l’isut  i.u  tlu- p.’rm.iliml  crowih  r.itc/.»  i  ,md  ibi  the  Doppler- 
'•hilled  r,\tl  freepu-nev  !!.  ,•  tor /t,  O ihe  erz/in^: conditions 

correspond!"!:  lo  I  q  iVF.  .nid  p.iunictcfx  otherwise  idenlic.il  to  Fig.  S. 


496 


PtiyS.  Fluids,  Vol.  27.  No  2.  February  1 984 


Uhm.  Kim.  and  Namkung 


496 


Millimeter  wave  emission  from  a  rotating  electron  ring  in  a  rippled  magnetic 
field 
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We  report  measurements  of  millimeter  wave  emission  from  a  rotating  relativistic  electron  ring  (2 
MV,  1  kA)  in  which  electrons  move  in  quasi-circular  orbits  under  the  combined  action  of  a 
uniform  axial  magnetic  field  and  an  azimuthally  periodic  wiggler  magnetic  field.  We  observe 
radiation  at  frequencies  above  9 1  GHz,  at  power  levels  in  excess  of  200  k W. 


PACS  numbers:  41.70.  +  t,  42.55.Bi,  42.52.  +  x 

There  have  been  many  theoretical1  and  experimental2 
studies  of  free-electron  lasers  (FEL’s)  m  linear  geometry  with 
spatially  periodic  transverse' 2  or  longitudinal3-6  magnetic 
wiggler  fields.  Such  configurations  have  gain  limitations  im¬ 
posed  by  the  finite  length  of  the  interaction  region.  Recently, 
a  novel  circular  version  of  the  free-electron  laser  has  been 
explored  both  theoretically 7‘’  and  experimentally 10  in  which 
a  rotating,  relativistic  electron  stream  is  subjected  to  an  azi¬ 
muthally  periodic  wiggler  field.  The  potential  advantages  of 
circular  FEL’s  as  compared  with  the  conventional  linear 
form  are  several.  First,  the  beam  circulates  continuously 
through  the  wiggler  field  resulting  in  a  long  effective  interac¬ 
tion  region.  Secondly,  because  of  the  recirculation  of  the 
growing  electromagnetic  wave,  the  device  provides  its  own 
internal  feedback  and  is  in  essence  an  oscillator  rather  than 
an  amplifier,  as  is  the  case  in  linear  FEL’s.  And  thirdly, 
because  the  electron  motion  is  primarily  circular  the  sys¬ 
tem10  is  very  compact. 

There  are  several  ways  of  producing  a  rotating  relativis¬ 
tic  electron  stream.  One  is  to  subject  the  electrons  to  orthog¬ 
onal  electric  and  magnetic  fields  as  is  typical  in  magnetron- 
like  devices.  Here,  the  electrons  undergo  a  v(r)  =  E„(r)  x  B,/ 
|fl„|2  drift  in  a  radial  electric  field  rE„(r )  and  a  uniform  axial 
magnetic  field  2B„.  Addition  of  an  azimuthally  periodic 
magnetic  field  B„,(0,  r)  then  results  in  a  circular  PEL.  This 


scheme  has  been  explored  previously,7  8  '0  and  though  the 
experimental  results10  are  encouraging,  it  may  have  a  poten¬ 
tial  drawback  in  that  the  electron  velocity  i>(r)  varies  with 
radial  distance  r.  This  velocity  shear  may  lead  to  degradation 
of  the  spectral  purity  of  the  emitted  electromagnetic  radi¬ 
ation,  and  a  reduction  in  gain  and  efficiency  of  the  device. 

In  this  letter  we  describe  initial  experiments  on  a  circu¬ 
lar  FEL  which  uses  a  monoenergetic  rotating  electron  ring 
and  thereby  circumvents  the  problem  of  velocity  shear  men¬ 
tioned  above.  Moreover,  in  the  device  discussed  below  one 
has  better  control  over  the  circulating  current  than  in  a  mag¬ 
netronlike  scheme  where  the  anode-cathode  gap  is  part10  of 
the  magnetic  wiggler  interaction  region. 

A  high  quality  (energy  spread  $  195;)  rotating  electron 
ring  is  produced  by  injecting  a  hollow  nonrotating  beam  into 
a  narrow  magnetic  cusp."12  The  hollow  beam  is  generated 
by  field  emission  from  an  annular  graphite  cathode  ener¬ 
gized  by  a  pulsed,  high  voltage,  high  current  accelerator  (2 
MV,  20  kA,  30  ns).  The  resulting  rotating  electron  ring  is 
guided  downstream  from  the  cusp  by  a  uniform  axial  mag¬ 
netic  field  of  ~  1.4  kG.  The  ring  is  6  cm  in  radius,  has  a 
duration  of  —  5  ns,  and  carries  an  axial  current  of  —  1.5  k A. 
The  electron  rotation  velocity  i\,~0.96c.  and  the  electron 
axial  velocity  v,  ~0.2c.  Thus,  in  the  absence  of  the  wiggler 
magnetic  field,  the  electron  orbits  form  fairly  tight  helices. 
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FIG  I  General  experimental  configuration. 


A  schematic  of  the  device  is  illustrated  in  Fig.  1.  It  com¬ 
prises  two  smooth  coaxial  stainless  steel  cylinders  of  radii 
r0  =  6.58  cm  and  r,  =  5.25  cm,  respectively.  The  electron 
ring  propagates  within  the  gap  formed  by  the  two  cylinders. 
Superimposed  on  the  axial  guiding  magnetic  field  is  an  azi- 
muthally  periodic  magnetic  wiggler  field  Bu.,  which,  near 
the  center  of  the  gap,  is  primarily 10  radial  and  is  thus  trans¬ 
verse  to  the  electron  flow  velocity,  as  is  the  case  in  conven¬ 
tional  linear  free-electron  lasers.  A  single  particle  computer 
simulation  program  has  been  generated  for  the  purpose  of 
studying  the  electron  motion  in  the  combined  axial  and 
wiggler  magnetic  fields.  We  see  from  Fig.  2  that  the  trajec¬ 
tory  is  not  perturbed  too  strongly:  it  remains  quasi-helical, 
the  radial  displacements  are  small,  and  the  electron  does  not 
strike  the  cylinder  walls. 

In  our  device,  the  wiggler  magnetic  field  is  produced  by 
an  assembly  of  384  samarium-cobalt  bar  magnets,1"  '3 


Ibl 


FIG.  2  Calculated  particle  orbit*  in  the  r-0  and  r-z  planes  for  an  electron 
iniected  with  r,  -  0  20c,  u„  =0.9 be  into  the  interaction  space  with  la) 
/»,„  1.4  kO.  =  0.  and  |b|  B„,  =  1.4  kG.  B„w  =  I..HG. 


FIG  3  Arrangement  of  bar  mapnets  I  topi;  Hall  probe  measurement  of  the 
wipgler  field  at  a  radial  position  r  =  5.92  cm.  as  a  function  of  azimuthal 
angle  ibottomi 

0.40  X  0.40x4.8  cm,  each  having  a  residual  induction  of 
~9.0  kG.  The  magnets  are  positioned  behind  the  grounded 
stainless  steel  cylinders  and  held  in  place  in  grooved  alumi¬ 
num  holders.  To  achieve  a  given  periodicity  /,  the  dipole  axes 
of  the  magnets  are  arranged  as  illustrated  in  Fig.  3.  The  low¬ 
er  part  of  the  figure  shows  a  Hall-probe  measurement  of  the 
radial  component  of  the  wiggler  field  at  the  center  of  the 
vacuum  gap.  The  measured  field  amplitude  equals  1.31  kG. 
The  axial  length  of  the  wiggler  is  20  cm.  This  is  achieved  by 
stacking  end-to-end  four  rows  of  bar  magnets.  At  the  present 
time,  all  of  the  radiation  measurements  described  below 
were  made  with  a  wiggler  having  six  spatial  periods  | N )  and  a 
periodicity  /  =  6.28  cm.  Shorter  periodicities  are  expected  to 
give  radiation  at  frequencies  which  lie  above  the  range  of  our 
detection  equipment. 

To  estimate  the  radiation  frequency  we  assume  that  in 
the  presence  of  the  wiggler,  the  electrons  experience  a  pon- 
deromotive  force  which  causes  electron  bunching  in  the  t) 
direction.  When  the  ^-directed  phase  velocity  o)/[ku,  +  k„) 
of  this  space-charge  wave  is  slightly  below  the  electron  veloc¬ 
ity  un,  energy  can  be  given  up  to  the  electromagnetic  wave. 
Here  kw  —  N/r  =  2ir/l,  co  is  the  radiation  frequency; 
k„  =  m/r  is  the  radiation  wave  number  with  m  as  the  mode 
number  of  a  transverse  magnetic  |TM)  mode  of  the  coaxial 
waveguide  and  r~|r„  +  r,  )/2.  Near  cutoff  (A,  —4)).  one  ob¬ 
tains  the  familiar  PEL  formula,1 ; 

w^(l  +  0„\ 0„fku.c/K.  (1) 

Here/?,,  =  v„/c,  y  —  I  +  with  Fas  the  beam  vol¬ 
tage;  /2,„  =  i’B  is  i he  nonrclativistie  cyclotron  fre¬ 
quency  in  the  wiggler  field  of  amplitude  /?, .  and 

K  =  1  +  l|/2„./All.c):. 

The  radiation  generated  in  the  interaction  region  is  al- 
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FIG.  4.  Oscilloscope  waveforms  of 
|a|  diode  voltage,  ibl  axial  current 
collected  by  a  2.24-mm:  collector  lo¬ 
cated  in  the  center  of  the  interaction 
region,  |cl  microwave  signal  in  f ■ 
band  191-170  GHz)  with  wiggler 
magnets,  and  |d)  microwave  signal  in 
T-band  without  wiggler  magnets. 


lowed  to  leak  out  from  the  gap  formed  by  the  two  coaxial 
cylinders.  It  is  received  by  means  of  a  small  horn  antenna, 
and  is  guided  through  various  waveguide  cut-off  filters  to  a 
crystal  detector  where  it  is  rectified  and  displayed  on  a  fast 
oscilloscope.  Figure  4(c)  illustrates  the  time  history  of  a  typi¬ 
cal  radiation  burst  at  frequencies  above  9 1  GHz  as  measured 
with  a  7"-band  (91-170  GHz)  filter.  When  the  magnetic 
wiggler  field  is  turned  off  (by  removing  the  samarium-cobalt 
magnets  from  their  grooved  aluminum  cylinders)  the  emit¬ 
ted  power  falls  to  a  level  too  small  to  be  distinguished  from 
background  noise  [Fig.  4(d)].  We  thus  conclude  that  the  ob¬ 
served  radiation  is  produced  only  in  the  presence  of  the 
wiggler  field. 

We  have  as  yet  not  addressed  the  problem  of  how  best  to 
couple  out  the  available  radiation.  Our  horn  antenna  merely 
probes  the  radiation  field  and  receives  only  a  small  fraction 
of  the  available  power.  Using  the  crystal  calibration  of  our 
detector,  the  total  power  radiated  from  the  device  at  frequen¬ 
cies  above  91  GHz  is  estimated  to  be  no  smaller  than  200 
kW.  Inserting  experimental  parameters  into  Eq.  (1)  yields  a 
radiation  frequency  <u/2»-~170  GHz.  But,  we  have  not  yet 
measured  the  spectrum. 

In  addition  to  the  T-band  (91-170  GHz)  range  of  fre¬ 
quencies,  we  also  explored  emission  at  lower  frequencies, 
from  21  GHz  and  up.  Here  we  find  that  some  emission  oc¬ 
curs  even  in  the  absence  of  the  wiggler  magnetic  field.  The 
cause  of  this  radiation  is  the  negative  mass  instability.14'17 
However,  as  a  result  of  the  proximity 18  of  the  two  grounded, 
concentric  metal  cylinders  the  level  of  this  radiation  is  great¬ 
ly  reduced  compared  to  that  observed  in  earlier  work141’  on 
the  negative  mass  instability,  where  the  conducting  boun¬ 
daries  were  not  in  such  close  proximity  to  the  beam.  When 
the  wiggler  magnetic  field  is  introduced  the  level  of  the  low- 


frequency  emission  remains  either  unchanged  or,  in  some 
cases,  is  diminished.  This  shows  that  the  presence  of  the 
wiggler  field  does  not  enhance  the  negative  mass  instability, 
which  has  been  a  worrisome  possibility. 

In  conclusion,  we  have  observed  radiation  in  the  ;lli- 
meter  wavelength  range  (A  <  3.3  mm)  from  a  novel  tyf-v  sf 
circular  FF.I.  which  uses  a  high  quality,  high  current  relr,  *■- 
istic  electron  ring  rotating  in  an  azimuthally  jVcnvadic 
wiggler  magnetic  field.  The  emitted  power  attributed  to  the 
FEL  instability  is  at  least  200  kW.  Spectral  measurements 
using  a  calibrated  microwave  grating  spectrometerlo  w  will 
be  carried  out  in  the  near  future.  In  addition,  by  rearrranging 
the  magnets  as  illustrated  in  Fig.  3,  we  will  be  able  to  shorten 
the  wiggler  periodicity  /  and  thereby  study  emission  at  wave¬ 
lengths  ranging  from  0.05  to  1.0  mm. 

This  work  was  supported  in  part  by  the  United  States 
Air  Force  Office  of  Scientific  Research,  in  part  by  the  De¬ 
partment  of  the  Air  Force  Aeronautical  Systems  Division, 
and  in  part  by  the  National  Science  Foundation.  We  grate¬ 
fully  acknowledge  the  assistance  of  A.  Dromborsky  in  per¬ 
forming  the  orbit  calculations. 
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C.  D.  STRIFFLER,  University  of  Maryland.  ’ — A  theoret¬ 
ical  study  of  the  generation  of  microwave  radiation 
from  a  relativistic  rotating  electron  beam  propagating 
along  a  concentric  slotted  wall  cylindrical  waveguide 
is  presented.  The  empty  waveguide  modes  of  the 
slotted  structure  as  well  as  the  linear  stability 
analysis  of  the  resonant  interaction  of  a  beam 
mode  a)  =  Zu  +  k  v  and  a  guide  mode  are  displayed. 
An  analysis  is  made  of  the  different  modes  in  the 
slotted  structure  with  respect  to  the  power  efficiency 
in  each  mode.  The  effects  of  slotted  wall  geometry 
are  then  examined  in  order  to  enhance  interaction  with 
the  2tt  mode  of  the  guide.  The  effects  of  mode 
coupling  and  competition  on  the  stability  of 
the  2ir  mode  is  also  examined  relative  to  changes  in 
slot  geometry.  Specific  results  for  a  2  MeV  beam  in 
the  presence  of  a  12  or  20  slotted  wall  structure  are 
shown  and  compared  with  experimental  data.1 
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Experimental  Studies  of  High  Power  Microwave 
Generation  from  Rotating  Electron  Beams  in  Magnetron- 
Type  Waveguides .  W.  W.  DESTLER,  Univ.  of  Maryland.* — 
The  generation  of  high  power  microwave  radiation  at 
high  harmonics  of  the  electron  cyclotron  frequency  by 
the  interaction  of  a  rotating  electron  beam  (2  MeV,  2 
kA,  5  ns)  with  inner  and/or  outer  slotted  boundary 
systems  has  been  under  study  in  our  laboratory  for 
several  years. In  these  experiments,  a  rotating 
electron  beam  is  produced  by  passing  a  non-rotating 
beam  through  a  narrow  magnetic  cusp.  We  have  measured 
the  electron  beam  cross  section  as  a  function  of  axial 
position  downstream  of  the  cusp  transition  to  allow 
the  design  of  improved  magnetron  boundaries  for 
radiation  production.  Results  of  experiments  designed 
to  produce  radiation  at  20  u  (16  GHz),  40  w  (32 
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GHz)  and  above  will  be  reported. 
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Microwave  Generation  from  a  Cusptron  Device. 
W.  NAMKUNG ,  W.  LAWSON,  and  D.  BYUN ,  University  of 
Maryland .* — A  cusptron  device^  holds  promise  as  a 
tunable,  high-frequency  microwave  tube  using  a  low 
energy  rotating  electron  beam  and  low  magnetic 
fields.  Experimental  studies  of  this  device  for 
microwave  generation  are  being  conducted.  An  annular 
electron  beam  of  17  KeV  energy  with  3  cm  diameter  and 
0.2  cm  thickness  is  produced  by  a  Pierce-type  electron 
gun  and  is  injected  through  a  cusped  magnetic  field  to 
produce  a  rotating  beam  in  a  downstream  drift  tube. 
An  N  =  6  magnetron-type  structure  is  placed  imme¬ 
diately  downstream  of  the  cusp  transition.  The 
electron  beam  dynamics  in  the  system  are  measured  for 
various  parameters  and  show  good  agreement  with 
theoretical  predictions.  The  results  of  initial 
radiation  measurements  will  be  presented. 

*This  work  is  supported  by  AFOSR  and  the  University  of 
Maryland  Computer  Center. 

^W.  Namkung,  W.  W.  Destler,  W.  Lawson,  and  C.  D. 
Striffler,  Bull.  Am.  Phys.  Soc.  27,  1062  (1982). 
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2  ; .  ♦ .) .  — -  l  ho  gc  mi*  rat  ion  oi  high  power  nicrnw.ivo 
rAiii.it  Ion  from  .in  intense  cusp-injected  relativistic 
electron  bean  interactin'.*,  with  various  wall  structures 
has  been  investigated  for  the  last  several  years. 
Initial  investigations  involved  snooch  coaxial  walls* 
and  nore  recently  slotted  walls.  A  sumtn.irv  of 

these  results,  experimental  and  theoretical,  is 
presented. 

The  narrow  magnetic  cusp  allows  for  the  creation 
of  a  thin  Intense  rotating  E-Layer  with  noninnl 
operating  parameters  of  2  VeV ,  2  kA  and  a  pulse  width 
of  —  5  ns.  The  cusp-injection  technique  has  the 
advantage  of  high  power  electron  bean  input  into  the 
Interaction  region  while  maintaining  a  high  degree  of 
beam  quality.  In  the  experiment,  the  radiation 
spectrum  is  examined  in  X-hand  (8-12  C.Hz),  Ku-hand 
(12-18  GHz),  and  Ka-band  (26-40  C:lz)  as  a  function  of 
the  applied  cusp  magnetic  field  and  the  particular 
waveguide  wall  structure.  Experimental  results  are 
presented  for  inner  and  outer  slotted  wall  structures 
of  12,  20,  and  40  slots  respectively.  Strain; 

interaction  is  observed  with  the  rotating  ?l-laver  .it 
the  2 r:  node  of  the  slotted  wall  structures  with 
typical  powers  of  500  yW  with  a  12  slot  wall  con¬ 
figuration  (O.o  C'!g  >  and  50u  yr.J  and  10  !»*.»  with  20  and 
40  slot  wall  configurations  (16  CHz  and  “12  GHz).  The 
slot  dimensions "are  critical  for  single  mode  operation 
at  the  2n  (~  S'  )  frequency.  The  feasibility  of 
using  alternate0  slow  wave  structures  such  as 
dielectrics  is  currently  being  investigated. 

A  systematic  theoretical  examination  of  the  beam- 
waveguide  interaction  is  also  presented.  The  complete 
mode  structure  tor  the  .empty  slotted  wall  structure  is 
presented  along  with  the  linear  stability  analysis  of 
the  resonant  intcrction  with  the  bean  mode  uj  =  + 

k^v,.  The  initial  starting  condition,  namely  the  cusp 
in  lection,  is  shown  to  he  critical  relative  to  mode 
selection  and  operation  at  the  2i  node.  Also,  the 
injection  radius  effectively  selects  the  proper  radial 
mode  number,  and  for  strong  coupling  the  beam  must  be 
close  to  the  slotted  wall  structure.  Radiated  power 
spectra  are  also  calculated.  Initial  theoretical 
studLcs  are  presented  of  the  vacuum  dispersion 
relation  for  a  dielectric  lined  waveguide  along  with 
the  linear  Interaction  of  a  rotating  electron  beam 
with  the  modes  of  the  dielectric  liner. 

•Work  supported  by  MOSll  and  U.  Maryland  Computer 
Science  Center. 

1.  V?.  W.  Dent  l»*r,  H.  Romero,  C.  0.  Strlfflcr,  R.  L. 
Weller,  and  W.  Nanknug,  J.  Appl.  f'hvs.  r>  ' ,  2  740 
(1081). 

2.  U.  W.  Hostler,  R.  !,.  Wei  lor,  and  C.  H.  Gtriffler, 
Appl.  1’hvs.  Lett.  JW,  570 

3.  W.  V.  Hostler,  U.  Kulk.irni,  0.  1).  Striffler,  and 

R.  L.  W.-il-r,  I.  Appl.  IM»v*..  4152  (10U). 

»,  C.  I).  'Itrilllcr,  W.  V.  Hostler,  U.  Kulkiril,  md 
R-  L.  ..’.•tier,  m:r.  Trans,  ‘hict.  Set.  _n,  V.JH 
(HM). 
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High  Harmonic  Microwave  Generation  from  a 
Son-Ho lot  1 vi s t ic  Cusptron  Device. *  WON 

NA'fKl'NG,  Electrical  Engineering  Department,  University 

of  Maryland,  College  Park,  MD _ 20742 . — Microwave 

radiation  at  the  sixth  harmonic  of  the  electron 
cyclotron  frequency  has  been  produced  through  the 
negative  mass  instability  by  the  resonant  interaction 
of  a  non-relat ivistic  rotating  electron  beam  and  a 
conducting  boundary  with  six  vanes.  This  device, 
which  -;e  call  a  cusptron,  uses  very  low  magnetic 
fields  since  it  produces  radiation  at  a  high  harmonic 
of  the  electron  cyclotron  frequency. 

An  annular  electron  beam  of  3  cm  diameter  and  0.2 
cm  thickness  is  produced  by  a  Pierce-type  electron  gun 
and  is  injected  through  a  cusped  magnetic  field  to 
produce  an  axis-encircling  electron  beam  (E-layer)  in 
a  downstream  drift  tube.  An  anode  with  an  annular 
slit  is  attached  to  an  iron  plate  which  sharpens  the 
cusp  field.  The  diode  is  typically  operated  at  17  kV, 
0. 6-1.0  A,  and  3  ps.  The  conducting  boundary  in  the 
beam-wave  interaction  region  has  six  equally  spaced 
vanes  of  1.84  cm  inner  radius  and  3.68  cm  outer 
radius.  Typical  microwave  power  detected  by  the 
receiving  antenna  is  500  W  and  the  microwave  frequency 
is  4.38  GHz  which  corresponds  to  the  sixth  harmonic  of 
the  electron  cyclotron  frequency  at  a  magnetic  field 
of  only  260  G. 

In  this  paner,  we  present  the  details  of  the 
sixth  harmonic  generation  experiment  and  also 
preliminary  results  of  an  experiment  designed  to 
produce  radiation  at  the  twelfth  harmonic. 

*This  work  is  supported  by  AF0SR. 

‘  1.  W.  W.  Destler,  R.  L.  Weiler,  and  C.  D.  Striffler, 

Appl.  Phys.  Lett.  570  (1981). 

2.  W.  Namkung,  Phys.  Fluids,  26,  xxx  (1984). 

3.  H.  S.  Uhm,  J.  M.  Kim,  and  W.  Namkung,  Phys. 

Fluids,  26,  xxx  (1984). 
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Millimeter  Wave  Radiation  from  a  Rotating 
Electron  Keen  in  a  Klnnled  Magnetic  Field.  * 
G.  BEKF.FI  and  R.  E.  SHEFER,  MIT,  and  W.  W.  DESTLER, 
University  of  Maryland. — We  report  the  generation  of 
millimeter  wave  radiation  oroduced  by  a  rotating 
electron  beam  interacting  with  a  rippled  magnetic 
field.  In  the  experiments,  a  12  cm  diameter,  hollow, 
rotating  electron  beam  (2  MeV,  1-2  kA,  5  ns)  is 
generated  by  passing  a  hollow  non-rotating  beam 
through  a  narrow  magnetic  cusp.  The  rotating  beam 
performs  helical  orbits  (3  =  .95,  8  =  .2)  downstream 

of  the  cusp  in  an  axial  guide  fie^d  of  about  1450 
Gauss.  Radiation  is  produced  by  the  interaction  of 
the  beam  with  an  azimuthally  periodic  wiggler  magnetic 
field  produced  by  samarium  cobalt  magnets  located 
interior  and  exterior  to  the  beam.  In  the  present 
work,  the  wiggler  field  has  an  amplitude  of  about  1300 
Gauss,  six  spatial  periods  around  the  azimuth,  and  a 
periodicity  of  6.28  cm.  We  have  observed  at  least  200 
kW  of  radiation  above  91  GHz  in  initial  experiments,^ 
a  result  consistent  with  the  frequency  expected  for  a 
linear  Free  Electron  Laser  operating  with  comparable 
parameters.  Radiation  at  these  frequencies  is  not 
observed  in  the  absence  of  the  wiggler  field.  Numer¬ 
ical  calculations  of  the  electron  orbits  in  the 
combined  axial  and  wiggler  fields  indicate  that  the 
orbits  are  relatively  unperturbed  in  the  r-fl  plane  and 
that  the  perturbation  of  the  orbits  due  to  the  wiggler 
is  primarily  axial,  as  desired.  Measurements  of  the 
actual  circulating  current  exciting  the  wiggler  region 
with  and  without  the  wiggler  magnets  in  place  confirm 
that  the  wiggler.  field  does  not  have  a  seriously 
adverse  effect  on  the  electron  orbits.  Measurements 
of  the  radiation  spectrum  using  a  grating  spectrometer 
and  studies  of  the  effects  of  wiggler  amplitude  and 
periodicity  are  currently  underway. 

*This  work  was  supported  in  part  by  The  Air  Force 
Office  of  Scientific  Research,  The  Department  of  the 
Air  Force  Aeronautical  Systems  Division,  and  in  part 
by  the  National  Science  Foundation. 

1.  G.  Bekefi,  R.  E.  Shefer,  and  W.  W.  Destler,  Appl. 

Phys.  Lett.  44 ,  280  (1984). 
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